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This research investigated anaerobic digestion (AD) with various types of lignocellulosic 
biomass feedstocks from Nigeria, and the potential use of low-cost ash-extracts produced 
from agricultural biomass, such as empty palm bunch, cocoa pod, banana peel, for the 
enhancement of AD biogas production. Experiments investigated co-digestion mixtures, 
comprising several tropical grass silages and cassava processing wastes in CSTR under 
mesophilic and thermophilic temperatures, at an organic loading rate of 2.0 gVS.L-1.d-1 and 20 
d HRT. Under each temperature regime, two pairs of 1 L CSTR were used – one pair as 
control, and the other pair supplemented with biomass ash-extracts. The experiment was run 
for three HRT, all reactors achieving steady-state operation during the third HRT cycle. At 
steady-state, the specific methane production (SMP) recorded in the thermophilic reactors, 
was 299.9 and 338.2 N mL CH4.g
-1VS added. d-1 for the control and the supplemented pairs 
of reactors, respectively, indicating that methane production had increased by 13% due to ash-
extract supplementation.  Similarly, for the mesophilic reactors, the SMP was 297.9 and 330 
N mL CH4.g
-1VS added. d-1 for the control and ash-supplemented reactors respectively, 
signifying that ash-extracts improved mesophilic CH4 production by 11%.  Statistical 
comparison of CH4 production in control and ash-supplemented reactors showed p-values ≤ 
0.05 for both temperatures, which confirms that ash-extracts improved biomethane production 
significantly.  Supplementing different feedstocks, such as gamba grass, guinea grass, 
elephant grass, rice straw and cassava processing wastes, with ash-extracts in both BMP batch 
assays and CSTR, also gave enhanced methane production. From the chemical analysis data 
and literature, it was possible to conclude that biomass ash-extracts appear to provide both 
alkalinity and/or trace metals for the enhancement of methane production when digesting 
agricultural wastes as both mono-substrates and co-digestion mixtures. The low cost of 
biomass ash-extracts compared to commercially available chemical additives, i.e. alkali and 
trace elements, make them economically feasible AD supplements for improving methane 
production from a wide range of grass biomass and other agricultural wastes in developed and 
developing countries. 
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Chapter 1    INTRODUCTION 
1.1 The World energy consumption and the Nigerian experience 
The primary energy consumption around the globe is mainly sourced from fossil fuels such as 
petroleum, natural gas and coal (Gupa, 2012; Jinsheng, 2009; Karimi, 2015; Meng, 2011; 
Said et al., 2018; Wang et al., 2018). Fossil fuels are known to be unsustainable due to their 
extremely low regeneration rates, that is, according to Energy-Insights (2011), it takes as 
much as 50 - 300 million years for crude oil to form compared to their daily usage. Towards 
the end of the year 2015, the known global fossil fuel reserves, namely crude oil, natural gas, 
and coal, were projected to last for just 51, 53 and 114 years respectively, based on the current 
rate of usage, and the reserve-production ratios (Chen, 2018; Wu, 2018). The implication is 
that is that, in around 60 years from now, there may be a global energy deficit.  It is therefore 
imperative to investigate other potential energy resources that will be sustainable, renewable, 
affordable and environmentally friendly to replace fossil fuels, and to guarantee energy 
security. It is true that fossils are practically non-renewable and their combustion releases 
greenhouse gases (GHG) (Hamzehkolaei, 2018; Hatti-Kaul et al., 2016; Rocco, 2018), 
however, many developed countries around the world, and some developing countries, can 
continue to use them as their source of constant energy supply for many decades. 
The provision of a constant energy supply in most developing countries, especially in Nigeria, 
remains a challenging problem. Nigeria is the 7th most populated country in the world 
(Bureau, 2017), and is the largest oil producing country in Africa. The country has nearly a 
third of the continent’s crude oil reserve (EIA, 2016), but ironically it suffers one of the worst 
energy crises in the world (Emodi, 2016). Nigeria ( Figure 1-1)  is geographically located in 
the tropical zone of West Africa between latitudes 4°N and 14°N and longitudes 2°2’E and 




 Figure 1-1  Map of Nigeria (EIA, 2016) 
Despite being an oil-dependent economy, Nigeria is mainly an agrarian country with a rich 
vegetation and abundant water resources that support good livestock production (FAO, 2013-
2017). To date, only about 40% of Nigerians have access to electricity (Dahlquist, 2013; Eleri 
et al., 2012), with up to 28 power cuts per day (Halff et al., 2014), and this is made worse 
because about 92% of Nigerians live in poverty (Emodi, 2016). Most Nigerians depend on the 
use of private petrol or diesel-operated generators to provide electricity for their households 
and businesses, with the attendant risks of indoor emission of carbon monoxide and fire 
incidents. Sustainable energy supply is a major driver of technological, economical and 
industrial development around the world (Akuru et al., 2017; Dahlquist, 2013; Gupta et al., 
2013; Jose, 2015; Wang et al., 2018) and can bring significant benefits to Nigeria. 
Therefore, for Nigeria to experience faster growth and development, there is an urgent need to 
exploit affordable and reliable sources of clean and renewable energy to build a sustainable 
energy supply which eventually will improve the economy, and the technological and social 
development of every sector of the economy.  
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1.2 Definition of biomass 
The EU Directive 2003/30/EC defined biomass as the biodegradable fraction of products such 
as food wastes and agricultural residues (vegetable and animal substances), forestry, including 
degradable fractions of industrial and municipal wastes (EU-Commission, 2003; Nitsos et al., 
2013).  Biomass stores solar energy within the organic matter through the process of 
photosynthesis (Abu-Dahrieh et al., 2011; EIA, 2017; Emodi, 2016). Nigeria has abundant 
biomass reserves estimated to be equivalent to 88 x 102 MJ of energy, with shrubs and forage 
grasses alone producing about 200 million tons of dry biomass per year which is estimated to 
be equivalent to 2.28 x 106 MJ of energy (Emodi, 2016). Biofuels from lignocellulosic 
biomass such as forage grasses and shrubs are known as second generation biofuels. These 
biofuels are more sustainable than those from first generation biofuel (energy crops), which 
rely on the use of food-grade raw materials and consume valuable agricultural land reserves 
for their production (Nitsos et al., 2013). Biomass could deliver energy in all forms – 
electricity, heat, liquid and gaseous transport fuels, and meet some of the present and future 
energy needs (Demirbas et al., 2009) through processes such as combustion, gasification, 
pyrolysis and anaerobic digestion (Akuru et al., 2017). In gasification, biomass is heated with 
a limited supply of oxygen to produce a synthesis gas which has usable energy content 
whereas pyrolysis yields a bio-oil when biomass is heated in the complete absence of oxygen. 
Anaerobic digestion (AD) produces methane-rich biogas when biomass is degraded by 
bacteria and archaea microbes also in the complete absence of oxygen (Akuru et al., 2017). 
Biogas from the AD is a clean and economical renewable energy (Frigon & Guiot, 2010), and 
AD produces a nutrient-rich digestate which can be used as a soil amendment and fertilizer on 
agricultural land (Frigon & Guiot, 2010).   
1.3 Energy demand and supply in Nigeria 
Nigeria has the lowest net rates of electricity generation per capita in the world, and those that 
do have access face load shedding, blackouts, and reliance on private generators (EIA, 2016). 
At present, 72.9% of the electricity used in Nigeria comes from fossil fuels while 27.1% 
comes from hydropower (EIA, 2016; WorldBank, 2014).  In 2005, it was reported that the 
estimated energy demand in Nigeria was 20,000 MW (Modi et al., 2005), and now, the 
electricity capacity is about 6000 MW, while only about 4,000 MW is available to consumers 
(Akuru et al., 2017; UNDP, 2015), a disparity which could worsen, considering the projected 
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electricity demand under economic growth scenarios of 7%, 10%, 11.5% and 13% between 
2005 and 2030 (Monyei, 2017).  
This energy deficit has led to about 70% of Nigerians not being connected to the national grid, 
and as a result, many people in rural communities rely heavily on the traditional use of 
burning biomass, wood fuel, candles, and kerosene, as their primary energy sources (UNDP, 
2015), and only about 10% of the rural populace can access the available intermittent 
electricity supply (Akuru et al., 2017).  However, as of October 2018, the energy situation has 
worsened further, and this indicates the serious failure of fossil fuels and hydro resources to 
meet Nigeria’s energy needs. Consequently, there is a real urgency to explore alternative 
renewable energy resources which might solve these seemingly intractable energy poverty 
problems.  
1.4 Potential of agricultural wastes (biomass) as energy feedstocks  
Most Nigerians, especially those dwelling in rural communities carry out subsistence farming 
which cumulatively produces millions of tons of biomass that is normally discarded as waste 
thereby polluting the environment.  Nigeria’s biomass energy resources have been estimated 
at 144 million ton. year-1 (Janssen, 2012). Previous studies have reported that Nigeria’s crop 
residues amount to about 83 million ton.year -1, while animal waste accounts for 61 million 
ton. year-1 of the total (Dahlquist, 2013). A number of researchers have also reported that 
Nigeria generates about 227,500 ton of fresh animal dung per day and about 20 kg of 
municipal solid waste per capita per year (Emodi, 2016; Okeh et al., 2014). This figure 
suggests that animal manure alone could produce 6.8 million m3 of biogas assuming 1 kg of 
fresh animal manure typically produces 0.03 m3 of biogas (Emodi, 2016; Okeh et al., 2014). 
Tranter et al. (2011) have stated the estimation of electricity generation from methane as 
follows: 
i Net calorific value of 1 m3 of methane =35.85 MJ 
ii Electrical generation efficiency of combined heat and power unit = 35% 
iii 1 m3 of methane can generate 0.35 x 35.85 MJ = 12.5 MJ of electricity 
iv 1 MJ of electricity = 0.2778 kWh 
 
If animal waste can generate about 60% methane, then as of 2015 animal manure alone could 
provide Nigerians with up to 6,800,000 (0.06) m3 x 12.5 MJ of electricity = 51,000,000 MJ, 
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or 14,167,800 kWh, or 14,168 MWh. This contrasts the current 6000 MWh which the country 
is struggling to generate from hydroelectricity, and therefore signifies that methane from 
animal manure alone could produce the energy needs of Nigeria. 
The rich vegetation found across Nigeria consists of diverse types of unexploited plant 
biomass which potentially could be used as feedstock to produce biogas. Some of the most 
abundant biomass was selected for the current study includes: Cassava (Manihot esculenta) 
process wastes, Rice (Oryza spp) Straw, Napier Grass (Pennisetum purpureum), Gamba grass 
(Andropogon gayanus), Guinea grass (Panicum maximum), Speargrass (Imperata cylindrica) 
and Perennial Ryegrass (Lolium perenne). Other abundant types of biomass which have been 
processed into low-cost supplements and buffer materials to optimize AD processes include 
empty palm fruit bunch, empty cocoa pod, plantain peels, empty Mucuna pruriens pod and 
yam bean pod (Sphenostylis stenocarpa), traditionally known in Afikpo as ‘Azama’. 
1.5 Status of AD technology in Nigeria 
According to Dahlquist (2013), in 1982 the Federal Government of Nigeria, through the 
Energy Commission of Nigeria, established two Renewable Energy Centres in the country 
which were located at Sokoto and Nsukka. They also built a 20 m3 biogas plant at Mayflower 
Secondary School Ogun State which uses cow dung as feedstock, and another 10 m3 plant at 
NCERD Nsukka which was fed on cassava peel and poultry droppings. In addition, under the 
Africa 2000 low technology biogas systems project, the United Nations Development 
Programmes (UNDP) also introduced floating drum, balloon and tube anaerobic digesters in 
Yobe, Jigawa and Kano State, and another biogas plant in Kwachiri community in Kano State 
that utilizes cow dung to provide daily energy for a family of 40 people. Dahlquist (2013) also 
reported that more than 10 biogas plants of capacity 10 - 20 m3 which utilize cow dung, 
human excreta, piggery waste had been constructed by Sokoto Energy Research Centre 
(SERC) across Nigeria.  However, despite several tertiary educational institutions carrying out 
biogas research in addition to the two biogas centers mentioned above, as of 2013 less than 20 
pilot biogas projects had been built in Nigeria (Dahlquist, 2013). 
However, the main biogas project in Nigeria, called the Cows-to-Kilowatts project, which 
started operation in May 2008, and is one of the largest biogas plants in Africa has the 
capacity to provide gas supply to 5400 homes at one quarter of the cost of liquefied natural 
gas (Brown & Stigge, 2017; Dahlquist, 2013). The design and construction of this biogas 
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plant were funded by the UNDP, and it was designed to produce 1500 m3.d-1 of biogas 
containing 900 m3 methane.d-1 for cooking, with an estimated useful life of 15 years, and 
expected to yield a return on investment within 2 years (Dahlquist, 2013).  
In a contrasting report, Brown and Stigge (2017) stated that this AD plant, which was 
installed by the Nigerian branch of the Global Network for Environment and Economic 
Development, the University of Technology in Thonburi, Thailand, and UN Habitat’s 
Sustainable project, actually had a reactor capacity of 3000 m3 and was designed to produce 
1800 m3 methane. d-1. According to the report, this AD plant was used to treat agro-industrial 
waste and produce 60 - 70% methane for cooking and gave a return on the investment of $0.5 
million after 3 years (Brown & Stigge, 2017). The plant also produced about 1500 L of 
phosphorus and nitrogen-rich digestate daily as an organic fertilizer, and this was sold to Oyo 
State Fertilizer Board for onward sales to urban and low-income farmers at about 5 percent of 
the cost of standard chemical fertilizer (Brown & Stigge, 2017; Dahlquist, 2013). In 
conclusion, biogas development is still in its infancy stage in Nigeria. 
1.6 Challenges to bioenergy development in Nigeria 
There are many challenges to bioenergy development in Nigeria. According to Akuru et al. 
(2017), one of the major setbacks is the lack of political willpower of the Nigerian 
government to put regulatory framework, standards, and incentives in place that would 
facilitate a shift from traditional biomass combustion to renewable energy sources. Another 
challenge is the lack of advanced technologies for supporting mid-size and large biogas 
plants, i.e. effective technology transfer (Brown & Stigge, 2017).  Furthermore, the generation 
of bioenergy also requires experience, construction skills, operation and sludge handling 
skills. Cultural beliefs could also hamper the acceptance of using biogas from human or 
animal excrement for cooking or as fertilizer (Brown & Stigge, 2017).  
Other important factors that hinder the proliferation of bioenergy technologies in Nigeria 
include the lack of credit facilities and high interest rates on bank loans, lack of information, 
overdependence on the government for energy, inadequate budgetary allocation on education 
and research, corruption among government officials, and ethnic and religious conflicts, 
especially the recently unchecked killings by the Fulani herdsmen across the country. 
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1.7 The potential use of biomass-derived supplement from ash for AD process 
optimization 
Green plants absorb trace nutrients and other metals from soil solutions via their root hairs.  
These trace nutrients which are stored in plant tissues as aid to metabolism, can be extracted 
when the plant is incinerated to produce the inorganic remains – the ash. Ash is alkaline and 
contains essential trace elements which are beneficial to the anaerobic digestion process. 
These trace elements which can be extracted either via acid digestion, or by incinerating the 
biomass then dissolving the ash in water, followed by filtration and crystallization, can be 
used as a replacement for expensive trace elements as low-cost supplements that can optimize 
AD processes. There are several published articles on the importance of the addition of 
expensive commercially available trace nutrients and buffer agents as supplements that can 
boost or stabilize AD processes (Session 2.12).  However, no previous work has been carried 
out to investigate the potential use of material derived from many locally abundant 
agricultural wastes as alternative and cheaper sources of these important AD supplements. 
Therefore, the current study is aimed at bridging this research gap and focusses on using these 
affordable low-cost ash-extracts to effectively improve AD processes, generate higher 
methane yields, and better conversion of the feedstock biomass. The ultimate goal of this 
research is to bring about an increase in the adoption of AD technologies in Nigeria as a 
means of solving the country’s severe energy crises and help contribute towards poverty 
eradication. 
1.8 Aim and objectives 
1.8.1 Aim 
 To investigate the potential use of low-cost biomass residues (ash-extracts), as sources of 
trace elements and alkalinity for use as alternative pretreatment reagents for the optimization 
of AD processes utilizing selected lignocellulosic biomass feedstocks. 
1.8.2 Objectives 
1. To compare the effects feeding interval on the specific methane production (SMP) and 




2. To investigate psychrophilic anaerobic digestion of grass silage as a sustainable and 
affordable process in developing countries  
3. To assess the effects of organic loading rate on the SMP from grass silage at 
psychrophilic, mesophilic and thermophilic temperatures. 
4. To compare the recovery rates of psychrophilic, thermophilic and mesophilic CSTR 
after process failure following supplementation with biomass ash-extracts. 
5. To determine the specific methane production (SMP) from a biomass feedstock 
consisting of seven types of grass silage and cassava processing waste under upper 
mesophilic (40 °C) and optimum thermophilic (55 °C) temperatures conditions both 
with and without EPB ash-extract supplementation. 
6. To determine the effect of 10 °C degree differences in operating temperature of 
psychrophilic, mesophilic and thermophilic reactors on the specific methane 
production (SMP) and volumetric methane production (VMP) during the AD of a 
mixed lignocellulosic biomass feedstock. 
7. To determine the effect of increasing the organic loading rate on the SMP, VMP and 
reactor stability of psychrophilic, mesophilic and thermophilic reactors during the AD 
of a mixed lignocellulosic biomass feedstock. 
8. To investigate the effect of adding ash-extract supplements produced from empty palm 
fruit bunch (EPB) and empty plantain peels (EPP) on maintaining AD process stability 
and efficiency of reactors during the AD of a mixed lignocellulosic biomass feedstock. 
9. To determine the effectiveness of empty palm fruit bunch (EPB) and empty cocoa pod 
(ECP) ash-extracts in providing alkalinity and buffering for the maintenance of pH 
within the optimum range for AD processes. 
10. To determine whether EPB and ECP ash-extract supplements can maintain steady-
state conditions in continuous AD reactors over extended operating periods.  
11. To determine whether ash-extract supplements can restore the activity of AD reactors 
that are exhibiting a declining or failing performance. 
1.9 Structure of the thesis 
This thesis contains eight chapters, including the Introduction which has outlined the scope of 
energy problems in Nigeria, and the potential for solving these by adopting alternative and 
sustainable energy based on the AD.   
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Chapter Two is a Literature Review that details the application, advantages and disadvantages 
of anaerobic digestion, including optimization options, factors affecting AD process and 
choice of feedstock, determination of theoretical methane potentials of biomass.  The chapter 
also looks at the importance of trace elements supplementation during AD processes and the 
cost implications which has made it unaffordable to low-income countries.  It further explores 
the process of by which green plants freely absorb these trace nutrients from the soil water 
and the prospect of recovering the trace nutrients from plant biomass for use as low-cost 
supplements to enhance anaerobic digestion processes.  
The third Chapter is concerned with the methodology.  It contains details of the standard 
methods of analysis and other procedures adopted or modified from published literature.  It 
presents information on the most abundant biomass feedstocks in Nigeria which can be 
harnessed to provide sustainable energy feedstocks. The chapter outlines the use of biomass 
ash-extracts as alternative supplements to expensive commercially available reagents for AD 
process optimization. The chapter also contains equations and some results from the 
physicochemical analysis/ characterization and results from compositional analysis of some of 
the biomass material used for this study, and the theoretical methane potentials of some 
biomass feedstocks derived from the Buswell equation. 
Chapter Four presents the results and discussion from the continuously stirred tank reactors 
experiment which was performed to investigate the effect of feeding interval, operating 
temperature, organic loading rate and pH on the SMP and VMP of CSTR fed with a grass 
silage mixture of perennial ryegrass, clover and Timothy grass as feedstock. 
Chapter Five contains the results and discussion from the second CSTR experiment which 
was carried out using various kinds of biomass ash-extracts in order to determine the effect of 
low-cost biomass extracts on the performance of thermophilic and mesophilic AD reactors 
during the co-digestion of tropical grass silage and cassava processing waste. 
Chapter Six presents the results from the third CSTR experiment which was carried out to 
investigate the effect of 10 °C steps in operating temperature and increasing OLR on Specific 
Methane Production (SMP) during the AD of a mixed lignocellulosic feedstock. 
Chapter 7 presents the results and discussion from CSTR experiments which focused on 
assessing biomass ash extracts as sources of buffer and trace nutrients supplements for 
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improved CH4 production during the anaerobic co-digestion of cassava wastes and cattle 
slurry. 
Finally, Chapter 8 draws upon the entire thesis and presents a summary and critique of the 
major findings from Chapters (3 – 7).  It also includes the areas for further research identified 


















Chapter 2  Literature Review 
2.1 Anaerobic Digestion – An Overview  
Anaerobic digestion (AD) is a biochemical process which involves the decomposition of 
organic matter by a microbial consortium in the absence of oxygen to produce biogas –
methane, carbon dioxide, partially degraded organic matter, known as digestate, new 
microbial biomass and inorganic matter (Ferreira et al., 2013; Pellera & Gidarakos, 2018; 
Teymoori Hamzehkolaei & Amjady, 2018).  Strict anaerobic archaea methanogens, which 
belong to the taxon Euryarchaeotic, and which are also prokaryotic microorganisms, produce 
methane which is the most important product of anaerobic digestion, as an end-product of 
their metabolism (Hackstein & van Alen, 2010). The degradation of biomass during the AD 
process is mostly carried out by obligate anaerobes which can only live and multiply in the 
absence of oxygen (Bajpai, 2017), which is why anaerobic digestion process must be carried 
out in closed reactor vessels in order to achieve efficient degradation of the biomass. The AD 
process can be applied to the digestion of agricultural residues, wastewater, and other 
biological wastes as an effective method for waste treatment, and for production of renewable 
energy – produced biogas can be used to generate electricity through internal combustion 
engines, steam turbine generators, or via combined heat and power (CHP) (EIA, 2017; Love 
& Bryant, 2017; Oreopoulou & Russ, 2006; Radu et al., 2014; Teymoori Hamzehkolaei & 
Amjady, 2018; Wheatley et al., 1997).  
Being one of the longest established biofuel technologies, anaerobic digestion was used in 
sewage works in the Exeter (UK) and Boston (USA) in the late Victoria times to produce 
methane used for street lighting. Methane gas produced via AD was also used in Leprosy 
hospital in India in the 19th century to provide light for the hospital (Love & Bryant, 2017).  
According to Gerardi (2003), the first anaerobic digesters used to degrade domestic sewage 
sludge were built over 100 years ago at Vesoul in eastern France. Presently, the AD process is 
frequently used to digest municipal sewage sludge and food processing wastes at large scale 
(Gerardi, 2003). However, small AD reactors have also been designed using brick, concrete 
and polyethylene, and are common in China (8 million) and India (4.5 million), and are 
expanding rapidly into central and South America, as well as other developing countries, as 
affordable sources of energy and agricultural fertilizer (Brown & Stigge, 2017). 
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2.2 Advantages of Anaerobic digestion of biomass 
Anaerobic digestion reduces waste loads, and hence reduces the land requirement for waste 
disposal, and the cost of construction and operation of landfills (Chen et al., 2008; de Souza, 
2013; Karthikeyan et al., 2016). It improves the dewatering of sludge which results in cheaper 
sludge handling and disposal costs (De Mes et al., 2003; Meyer & Powers, 2011; Pullen, 
2015; Wheatley et al., 1997).  
According to the UN, livestock is responsible for 18% of global greenhouse gas emission 
(Siegel & Nelder, 2008). This GHG emission as methane, which comes from undigested 
manures such as livestock and poultry wastes, can be mitigated using AD reactors, where the 
gas could be recovered for energy purposes or flared (Acton, 2012; Hohenstein, 2011; Karimi, 
2015; Korres, 2013; Net, 2010). Thus, AD processes effectively and efficiently reduce CO2 
and methane emissions which significantly reduces GHG emission into the atmosphere (de 
Souza, 2013; Meyer & Powers, 2011; Tranter et al., 2011).    
Anaerobic digestion produces clean fuels from renewable feedstocks (Chen et al., 2008; 
Dahlquist, 2013; De Mes et al., 2003; Love & Bryant, 2017; Wheatley et al., 1997), which 
potentially reduces over-dependence on fossil fuels (Oreopoulou & Russ, 2006).  The biogas 
from AD process can be purified further to make it acceptable for use as a transport fuel or for 
electricity generation via CHP systems (de Souza, 2013; Karthikeyan et al., 2016; 
Management Association, 2017; Pullen, 2015; Teymoori Hamzehkolaei & Amjady, 2018). 
Previous studies have also reported that AD effectively reduces 80 - 90% of the odour (H2S, 
NH3, etc.) (De Mes et al., 2003; Klemes et al., 2008; Meyer & Powers, 2011).  
The AD process also converts up to 70% of the nitrogen compounds in the waste to ammonia 
and retains P and K which together are essential components of fertilizers (Klemes et al., 
2008).  Therefore, digestate can be added to soil to serve as an excellent fertilizer to improve 
crop yields (Brown & Stigge, 2017; Tranter et al., 2011; Wheatley et al., 1997). This is 
possible because sludge from the AD is stable, rich in nutrients and biologically active, 
enabling them to stimulate microbial activities in the soil and save farmers the high cost of 
buying mineral fertilizers.  The AD process effectively inhibits the growth of pathogenic 
bacteria, protozoa, and viruses due to the challenging biological conditions inside the reactor 
provided by organic acids, high temperature, exposure time and lack of oxygen (Klemes et 
al., 2008; Love & Bryant, 2017; Meyer & Powers, 2011). Thus, when recycling of effluent is 
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incorporated, the AD can help in the control of microbial pollution in the environment by 
preventing the release of the process microbes into the environment.  
The digestate and biosolids produced during anaerobic digestion can also serve as additives to 
cement (Pullen, 2015).  Thus, the adoption of AD process for energy recovery and for 
production of nutrient-rich digestates for use as organic fertilizer, can help developing 
countries to grow rapidly in terms of human capacity, agriculture and infrastructure.  
2.2.1 Disadvantages of anaerobic digestion 
According to Riffat (2012), optimal operation of the AD process normally requires a 
relatively high temperature (35 °C), long start-up time to build sufficient biomass due to the 
slow growth rate of methane-forming bacteria; and may also require the addition of chemicals 
to maintain the required levels of alkalinity and nutrients in the reactor. There is also strict 
regulation of grid gas quality which requires that the biogas has to be refined from 50 – 70 % 
methane, 20 – 25 % CO2 to over 97 % methane and that it should be free from oxygen, 
hydrogen, nitrogen, other trace gases and odor (Pullen, 2015). Sometimes, the digestion 
process can be upset by the presence of toxic substances, generate odours due to the formation 
of fatty acids. Wheatley et al. (1997) also highlighted high capital costs, long retention time, 
long start-up periods, and the cost of heating as some of the disadvantages of AD treatment. 
Among the factors mentioned, the high cost of chemicals and cost of heating the AD plants 
are the key hindrances to the development of AD technology in many developing countries, 
especially in poor countries with low temperatures. 
2.3 The AD process degradation pathway 
Anaerobic degradation is a highly complex and dynamic process that combines 
microbiological, biochemical and physicochemical processes (Angelidaki et al., 2009). It is a 
multi-stage biochemical process that involves several reactions and different groups of 
microorganisms – bacteria and archaea and follows a complex metabolic pathway in 
transforming complex organic matter into biogas (Ferreira, 2013). According to Yang et al. 
(2011), degradation of lignocellulosic biomass is naturally carried out by glycosyl hydrolase 
(glycosidase) enzymes that are produced by different microbes in specific microbial 
communities. These AD process microbes and methane-forming archaea break down organic 
matter via a sequential degradation pathway (Figure 2-1) which is divided into four stages, 
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namely: disintegration and hydrolysis, acidogenesis (fermentation), acetogenesis and 
methanogenesis.  
2.3.1 Disintegration and hydrolysis 
This is usually the rate-limiting step during anaerobic digestion processes because it governs 
the growth of microbial biomass conversion, the removal of solids and uptake of liquid 
substrates from the waste environment, hence it determines the rate of other the organic 
decomposition steps (Miller & Clesceri, 2002). Many microorganisms produce extracellular 
enzymes mainly hydrolases, e.g. lipases, cellulases, and proteases, which carry out the 
degradation of complex molecules such as lipids, carbohydrates, and proteins into smaller 
sub-units that can be assimilated by the microbial cells (Ferreira, 2013). Simple soluble 
molecules produced from the feedstock biomass can penetrate the cell membranes of the 
fermentative bacteria where they are metabolized, converted into simpler compounds, and 
excreted in the form of volatile fatty acids, alcohols, lactic acid, carbon dioxide, hydrogen, 
ammonia, hydrogen, sulfide, and produce new bacterial cells (Schön, 2010). The hydrolysis 
rate during anaerobic digestion process depends on: temperature of the anaerobic digester, 
particle size and shape of the feedstock biomass, pH of the reactor medium, residence time of 
the feedstock in the reactor, composition of the feedstock (lignin, carbohydrate, protein and 
fat contents), concentration of NH4
+ -N, and concentration of hydrolysis intermediate products 
such as VFAs (Lenihan et al., 2010; Von Sperling & de Lemos Chernicharo, 2005). The most 
important hydrolytic bacteria are Bacteroides, Bifidobacteria, and Clostridium (Gerardi, 
2006). The hydrolysis rate of a single substrate such as lignocellulose can be represented by 
(Equation 2-1 and Equation 2-2), which incorporates the mass concentrations of the substrates 
(Miller & Clesceri, 2002)  
 
𝑆 = 𝑆0 exp(−𝑘ℎ𝑋𝑡) Equation 2-1 
𝑑𝑆
𝑑𝑡
 = (−𝑘ℎ)𝑆0 exp(−𝑘ℎ 𝑋ℎ𝑡𝑡𝑜𝑡𝑎𝑙) 
Equation 2-2 
where S is the available organic material, or dry weight of volatile organic matter, organic 
carbon or soluble COD concentration of the material (Si), X is the mass of organisms over the 
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period, t and - Kh represents the anaerobic rate of hydrolysis (expressed as day-1). For a 
soluble organic substrate. 
2.3.2 Acidogenesis (fermentation) 
During the fermentation process, diverse groups of fermentative or acid-forming bacteria 
transport the soluble products from the disintegration and hydrolysis step inside their cells and 
convert these products to organic acids such as formate, acetate, lactate, propionate, and 
butyrate (Gerardi, 2006; Von Sperling & de Lemos Chernicharo, 2005). Other products 
formed at this step include:  ethanol, pyruvates, ammonia, hydrogen sulfide, hydrogen, and 
carbon dioxide which are simple substrates for use by methane-forming bacteria (Ferreira, 
2013). 
 
Figure 2-1  Anaerobic degradation pathway. Adapted and modified from Bharathiraja et al. 
(2018) 
2.3.3 Acetogenesis 
In this stage, obligate hydrogen-producing acetogenic bacteria oxidize propionate and higher 
VFAs to acetate, hydrogen and carbon dioxide, which are substrates used directly by 
methane-producing archaea (Schön, 2010; Von Sperling & de Lemos Chernicharo, 2005). 
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The process is favored by low hydrogen concentrations, thus a syntrophic relationship exists 
between the hydrogen consumers (hydrogenotrophic methanogens) and the acetogens in order 
to regulate the hydrogen and propionate concentration and control the entire digestion process 
(Ferreira, 2013). When these processes are not balanced, this usually leads to a drop in pH due 
to the presence of H+ from the accumulation of VFA in the aqueous solution.  However, 
normally the hydrogenotrophic methanogens, which include the genera Methanobacterium, 
Methanospirillum and Methanobrevibacter use the hydrogen and CO2 to produce methane, 
keeping hydrogen concentrations low (de Lemos Chernicharo, 2007; Gerardi, 2006; Korres, 
2013). Low concentration of hydrogen (5 – 50 ppm) has been reported to favour the formation 
of acetic acid (Singh et al., 2015).  However, excess hydrogen concentration decreases acetic 
acid concentration and increases the formation of organic acids such as propionic and butyric 
acids which are toxic to the methanogens (Singh et al., 2015; Von Sperling & de Lemos 
Chernicharo, 2005). The acetoclastic methanogens can only directly utilize acetate from the 
acidogenic phase to produce methane.  It has also been reported that about 50% of soluble 
COD is converted into propionic and butyric acids which the acetogens further break down 
into acetic acid and hydrogen (Von Sperling & de Lemos Chernicharo, 2005). 
2.3.4 Methanogenesis 
At this final stage of the anaerobic digestion process, the methanogenic archaea, mainly 
acetoclastic methanogens and the hydrogenotrophic methanogens convert the products from 
acetogenesis in the forms of acetic acid, hydrogen, CO2, formic acid, methanol, methylamines 
and CO into biogas (Von Sperling & de Lemos Chernicharo, 2005). These methane-forming 
bacteria (methanogens) produce methane by using the acetate and/or CO2 and hydrogen 
(Klemes et al., 2008; Von Sperling & de Lemos Chernicharo, 2005).  Methanosaeta is a 
filamentous acetoclastic methanogen and dominates when there is a low concentration of 
VFA and ammonia in a reactor whereas Methanosarcina is a hydrogenotrophic methanogen 
and dominates in the presence of high VFA and high ammonia concentrations (Ferreira, 
2013). According to Khanal (2011a), Methanosarcina accounts for the stability of the AD 
process, and its dominance is maintained during short SRT or high acetate concentration.  
2.4 Potential biomass for biomethane production 
Biodegradable organic matter can be used as feedstock for bioenergy production. Examples of 
common biodegradable biomass feedstocks include: food processing wastes (potatoes, fruits, 
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restaurant wastes, etc.); municipal solid wastes (biodegradable components), lignocellulose 
(straw e.g. rice, wheat, corn straw, etc. and grass silage); cellulose (paper, cardboard, cellulose 
powder); animal waste (poultry, cow, pig dung) and sludge (sewage). In Europe, especially 
Germany and Austria, many farmers use grass silage as an anaerobic digestion feedstock to 
produce biogas (Nizami & Murphy, 2010). However, this section provides details of some of 
the potential biomass feedstocks from Nigeria that have been used in the current study, as 
listed in Section 1.4. 
2.4.1 Perennial Ryegrass (Lolium perenne) 
Perennial ryegrass (Lolium perenne L.)  is a grass from the family Poaceae, native to Europe, 
temperate Asia, and northern Africa but now widely cultivated and naturalized around the 
world (Bassam, 2010; Casler & Duncan, 2003), but most extensively used for forage in 
Europe and United States (Casler & Duncan, 2003).  Its leaves are dark green with smooth 
and glossy lower surface (Bassam, 2010). It is propagated using seed and is of great 
importance in being utilized as animal feed (Bassam, 2010).  It can grow between 10 to 90 cm 
high with erect or prostrate stems with 2-4 smooth nodes and mid-green leaves (Casler & 
Duncan, 2003). The leaves and stems of the grass are generally more digestible than other 
grass species (Boller et al., 2010). The grass is also used on winter-games parks, pitches, 
roadsides, heavy-duty lawns, landscaping areas, tennis courts, cricket fields, golf tees and 
fairways(Casler & Duncan, 2003).  It has a high content of water-soluble and non-structural 
carbohydrate (Korres, 2013; Yamada & Spangenberg, 2010), and lower concentrations of 
crude fibre (Korres, 2013; Lichtfouse, 2011). In addition to its use for forage and feed 
purposes, perennial ryegrass is now considered as a candidate biomass for conversion into 
biofuels for energy production in the form of heat and electricity (Bassam, 2010).  This is 
because the grass contains up to 40% soluble sugar which can be fermented easily to biofuel 
such as ethanol, while the remaining cellulose can either be ensiled for animal feed or further 
broken down with enzymes to produce more biogas (Bassam, 2010; Lichtfouse, 2011). 
Therefore, perennial ryegrass is one of the potential AD feedstocks which could be used to 
reduce the energy crisis in Nigeria. 
2.4.2 Cassava (Manihot esculenta Crantz) process wastes 
Cassava is a dicotyledonous plant belonging to the plant family called Euphorbiaceae which 
originated and was domesticated in South America in about 4000 - 2000 BC and is now a 
major staple food crop in different parts of the world (Bassam, 2010). It is a vital energy crop 
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with high energy potential; and is one of the richest fermentable substances for biofuel 
production, structurally comprising three tissues namely: peel (10 – 20 %), cork layer (0.5 - 
2.0 %) and an edible portion (80 – 90 %) (Bassam, 2013). Cassava (Figure 2-2) is a major 
agricultural crop produced by almost every rural household in Nigeria, because of ease of 
cultivation, high calorie content and ease of converting it to different forms of food products 
such as garri, Abacha, starch, tapioca, flour, fufu, chips, alcohols, crackers, bread, pasta, etc 
(Cushion et al., 2009).   
 
Figure 2-2  Cassava farm 
Cassava is grown in over 90 countries around the world (Muchie & Baskaran, 2012). 
However, Nigeria is the largest producer of cassava globally (Cushion et al., 2009; Ghosh, 




Figure 2-3  Cassava production in Nigeria (a) Tuber (b) Peels and (c) edible starchy portion. 
The crop is tolerant to drought, can grow well on marginal lands and matures within eight 
months, though its harvest can be delayed for two years or beyond, a characteristic that makes 
it ideal for use as insurance against food shortage (Cushion et al., 2009).  Cassava contains 
different concentrations of toxic hydrogen cyanide (HCN) depending on the variety (Hahn et 
al., 1992).  However, HCN is often reduced significantly during cassava processing which 
generates enormous amounts of waste which are left to decompose, dried and burnt, or 
discarded into nearby streams, polluting the environment. However, since the dry root of 
cassava contains about 80% fermentable starch (Bassam, 2013), the processing waste, 
especially the peels and starch-rich water from the milling process, could be converted to 
biogas via anaerobic digestion. This would not only add value to the residue but would go a 
long way in providing farmers with sufficient energy for processing cassava into other refined 
products instead of relying on the traditional burning of wood as is currently practiced. 
2.4.3 Rice Straw (Oryza spp) 
Rice (Oryza sativa or Oryza glaberrima) is a cereal food crop which belongs to the grass 
family Poaceae which are native to tropical and subtropical southern Asia and southeastern 
Africa (Gnanamanickam, 2009). It is recognized as one of the most important crops in the 
world that provides the main source of energy for more than half of the world population 
(Gnanamanickam, 2009). Rice production accounts for 30% of the total global cereal 
production and by the year 2025, an estimation of 4.6 billion people will depend on rice for 
their daily nourishment (Gnanamanickam, 2009). Globally, Asia ranks the highest in rice 
production with an output of 667.6 million tons, America (37.2 million tons), Africa (20.9 
million tons), Europe (3.9 million tons) and Oceania (1.7 million tons).  In technical terms, 
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this amount of rice straw could potentially produce 205 billion liters of bioethanol per year, 
which is the largest potential amount possible from a single biomass feedstock (Demirbas et 
al., 2011). 
 
Figure 2-4  Rice farm in Nigeria 
Nigeria is the largest producer of rice in West Africa with an average production of 3.2 
million tons of paddy rice a year amounting to about 2 million tons per year  (Janssen, 2012). 
Over 70% of the states in Nigeria grow rice as a major cereal crop which usually produces a 
huge amount of post-harvest wastes which are often burnt in open fires in the rice fields as 
part of the land preparation for the next planting season. Harvesting and processing of rice for 
food generate two major wastes – rice straw which is the leafy portion with the stem which is 
often left behind in heaps in the farm for open burning or to degrade over time while the husk 
refers to the waste generated from the rice milling processes. Among different agricultural 
wastes, rice straw is one of the most abundant renewable lignocellulosic biomass resources in 
the world and it is typically composed of cellulose (32 – 47 %), hemicellulose (19 – 27 %), 
and lignin (5 – 24 %) (Wang et al., 2015).  Research has shown that a harvest of 1 kg of the 
rice grain is accompanied by the generation of approximately 1 - 1.5 kg of rice straw (Kaur & 
Phutela, 2016). However, instead of burning, rice straw could serve as a renewable raw 
material for biogas production via anaerobic digestion, and potentially this biogas could 
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substitute fossil fuels for the provision of both electricity, heat and other economic benefits 
for the people. 
2.4.4 Napier Grass (Pennisetum purpureum Schum) 
Napier grass, also commonly known as elephant grass (Pennisetum purpureum), is one of the 
major fast-growing green herbaceous perennial grasses that cover many tropical savannah 
grasslands in Nigeria. The grass belongs to the Poaceae family and is native to tropical Africa 
(Zhang & Dincer, 2016).  It grows well on marginal lands and is often used for cattle feed and 
cultivated as forage.  Napier grass can grow up to 4 m in height and has more productivity 
than switchgrass, Miscanthus, or food crops (Jansen, 2012). It is one of the highest yielding 
tropical grasses and a very versatile species that can be grown under a wide range of 
conditions (dry or wet) and production systems, and could serve as a substrate for biogas 
production, substituting fossil fuels (Zhang & Dincer, 2016).  
 
Figure 2-5  Napier grass (Elephant grass) 
Napier grass can grow 3 meters high every 45 days, which implies that it can be harvested 6 
times a year with a yield of about 40 tonnes per ha giving an annual production of  240 tonnes 
per hectare per year (Jansen, 2012). Napier grass has a deep root system that is fairly drought 
resistant. Its tender and young leaves are good animal feed.  Being an aggressive invasive 
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plant, local farmers spend a lot of money in cutting or weeding the grass using crude 
implements.  This is often necessary to prevent it from outcompeting and suppressing other 
crops in cultivated farms. However, instead of burning which leads to environmental 
pollution, Napier grass is rich in cellulosic fiber is an excellent and cheap AD feedstock for 
producing biogas that would help to solve Nigeria’s enormous energy crises.  
2.4.5 Gamba grass (Andropogon gayanus) 
Gamba grass, Andropogon gayanus is a gigantic African grass (Russell-Smith et al., 2009; 
Wormworth & Sekercioglu, 2011). It has been introduced into different parts of the world, 
including Australia, Brazil, etc., as improved pasture species for cows (Russell-Smith et al., 
2009; Weber, 2017), and farmers prefer the grass because it produces bigger leaves than many 
native kinds of grass (Freeman et al., 2011). The grass can grow up to 4 m high and has a 
standing biomass up to about 17 ton. ha -1 (Cochrane, 2010), which can reach up to 30 ton. ha 
-1 (Russell-Smith et al., 2009). Gamba grass is an aggressive colonist of native savannah and 
results in fire cycle with intense fire which reduces canopy in the ecosystem (Russell-Smith et 
al., 2009). Due to high fuel load, gamba grass has been reported to have the potential to 
produce fires up to seven times more likely than native grasses (Moran, 2005; Stow et al., 
2014).   
 
Figure 2-6  Gamba grass 
Some researchers have also reported that the intensity of fire from burning Gamba grass is at 
least eight times that of native grasses during early dry seasons (Cochrane, 2010; Wormworth 
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& Sekercioglu, 2011) because the grass accumulates more biomass than native grasses 
(Weber, 2017). This burning increases the release of stored carbon from trees which catch fire 
unintentionally from the burning grass, and that adversely affects the ecosystem and 
constitutes a threat to the country’s biodiversity because the fire from the grass destroys tree 
canopies which also increases GHG emission (Wormworth & Sekercioglu, 2011).  In Nigeria, 
Gamba grass chokes up other grasses to remain the only dominant species in many grasslands 
and often initiates seasonal fire cycles which decrease tree canopy cover making the soil 
vulnerable to erosion. In addition to hand-pulling, weeding and application of herbicides, 
Gamba grass can be controlled by grazing (Cochrane, 2010).  However, only an insignificant 
amount of this vast biomass is grazed, which often leaves a large mass of unutilized Gamba 
grass to initiate intense fire outbreaks annually.  Thus, harvesting Gamba grass regularly, and 
using it as feedstock for the AD to produce methane could effectively help to control the 
spread of the grass, as well as reduce the environmental concerns associated with the grass in 
the environment.  
2.4.6 Guinea grass (Panicum maximum) 
Guinea grass (Panicum maximum) is a perennial tropical grass that mainly grows as a weed in 
cultivated fields, pastures and roadside all year round (Veziroğlu et al., 1987), and is the most 
well-known of all tropical grasses (Warren, 1924). The grass is native to Africa, has long 
narrow leaves, and produces a seed head that resembles rice, and can grow up to 1 – 1.5 m tall 
(Boonman, 2013; Charrier, 2001; Service, 2010). The grass was spread from Africa to 
different continents, especially during the era of the slave trade, where it was used to make 
bedding and packaging materials for assisted migrants (Boonman, 2013), and now, it has 
spread to nearly all tropical countries as high-protein fodder for livestock (Service, 2010). 
Guinea grass is capable of colonizing cultivated land on the coast, and elsewhere where it 
grows as a secondary grass (Boonman, 2013).  The grass grows very well in well-drained 
soils, and sunny areas, but can also tolerate a wide range of environmental conditions 
(Service, 2010). According to Moran (2005), there is a renewed interest in Guinea grass 




Figure 2-7  Guinea grass 
The grass is adapted to both the tropics and subtropics and is even tolerant to shading, and 
hence has a role in agroforestry plantation and can yield biomass which is equivalent to 
Napier grass under certain conditions. This grass can be harvested every 4 weeks (Moran, 
2005) i.e. 10 to 12 times per year. Its maximum dry matter production is about 30 tons. 
hectare-1.year-1 generating a plentiful supply for intensive livestock farms (Charrier, 2001). 
However, this grass also spreads aggressively and can build very high fuel loads which can 
increase fire risk. It develops a broad fire-adapted underground rhizome that enables it to 
survive fire better than many other native kinds of grass, and normally sprouts new growth 
after the fire, thus increasing its dominance on the land after fire incidence. It is resistant to 
drought and a large amount of biomass it produces hot fires that destroy the native vegetation 
(Service, 2010).  It has a sixty-day regrowth cycle during hotter months and a ninety-day 
period during the cooler months (Bergin, 2004). In Nigeria, Guinea grass is only used in 
pastures for livestock, while significant unutilized biomass from the grass which is often left 
to spoil, burnt or abandoned to trigger annual intense bushfire could be utilized as a 




2.4.7 Speargrass (Imperata cylindrica)  
Speargrass (Imperata cylindrica), is an aggressive invasive rhizomatous perennial weed 
(Brink, 2012; Labrada et al., 1994; Singh, 2014).  It belongs to the plant family Poaceae, and 
its widely distributed throughout the tropics and subtropical regions of Africa, India, etc 
(Brink, 2012). The grass has been identified as one of the major invasive perennial weeds 
posing problems in crop production in Nigeria (Chikoye et al., 2005), and is recognized as 
one of the 10 worst weeds in the world (Brink, 2012). It can grow on all continents, except 
Antarctica (Labrada et al., 1994). The stem of Speargrass can be solitary or tufted with flat, 
rolled or stiffly erect leaf blades, and is classified as an invasive weed in different parts of the 
world including the United States (Xu & Zhou, 2017). Speargrass is suitable for mulching, 
erosion control, slope stabilization (Brink, 2012), papermaking, animal feeds and traditional 
medicine (Labrada et al., 1994).  Speargrass is propagated sexually by seeds and vegetatively 
by underground roots, which enables it to be drought-resistant (Brink, 2012; Chikoye et al., 
2005; Labrada et al., 1994; Xu & Zhou, 2017). The grass produces cylindrical panicles which 
are copiously hairy (Xu & Zhou, 2017). It has a needle-like sprouts that can pierce farmers 
feet, eyes, palms, etc during weeding (Chikoye et al., 2005), and has rhizomes that are 
extremely competitive, highly resistant to heat and breakage, and can penetrate the soil up to 
1.2 m deep and invade the roots of other plants causing them to rot or to die (Brink, 2012). It 
outcompetes other plant species for resources, gaining an advantage over indigenous plants 
(Xu & Zhou, 2017). The grass mostly grows near rivers and seashore sands, disturbed grassy 
places and cultivated lands (Xu & Zhou, 2017). Its dry matter yield is about 2 - 12 tons. ha-1 
per year-1 although 11 tons. ha-1 of leaves and 7 tons. ha-1 of rhizomes has also been recorded 
in Indonesia (Brink, 2012).   
Speargrass also causes mouth and tongue injuries to animals that graze on it, and generally 
reduces the market value of crops especially tubers which it causes to rot (Chikoye et al., 
2005). In Nigeria, many farmers have abandoned their farmlands due to Speargrass invasion 
because of the high amount of effort, time and money required to control its spread.  It is 
easily spread when there is stress such as burning, cutting or drought (Labrada et al., 1994) 
and competes with crops for space, fertilizer, nutrients, and water, and harbors pests and 
insects (Chikoye et al., 2005; Labrada et al., 1994). It also initiates intense frequent bushfire 
in farms, and fallow lands and the seedlings establish very well after every bushfire (Labrada 





Figure 2-8   Photo of Speargrass (Imperata cylindrical) 
Speargrass can tolerate temperatures as low as -15 °C when dormant and can withstand 
waterlogging (Brink, 2012). In Nigeria, Speargrass is mostly controlled by hand pulling, 
hoeing or burning which are often ineffective. Some researchers have reported that the use of 
herbicides such as Glyphosate and intercropping it with Mucuna is a more effective control of 
the grass (Chikoye et al., 2005). Although Speargrass is a low-quality forage, research has 
shown that at a very young growth stage it may have digestibility up to 70 %, which reduces 
to below 40 % after 150 days (Brink, 2012). Thus, the grass could be more effectively 
controlled by harvesting it young and using it as a substrate for biogas production to solve the 
energy poverty problems in Nigeria. 
2.5 Factors that determine the biogas potential of feedstocks 
The chemical composition of feedstocks affects their digestion efficiency during anaerobic 
digestion (Karthikeyan et al., 2016). Other factors that affect the biogas potential of any given 
biomass feedstock include: the feedstock material itself, the dry matter content, the actual 
energy content of the feedstock, retention times of the feedstock in the digester, the purity of 
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the feedstock, the type of AD plant and its operational conditions (De Mes et al., 2003; 
Pullen, 2015). 
AD feedstocks which are rich in lipids and proteins produce higher volumes and percentages 
of methane gas because they contain organic matter which is easily biodegradable (Table 
2-1), unlike lignocellulose which has a high content of lignin which is recalcitrant to 
decomposition especially when digested as mono-substrate.  
Table 2-1   Theoretical Biogas potentials of pure samples from selected substrate components  
Substrate Composition  Biogas yield  
(L/g VS) 
CH4  
L/g VS (STP) 
CO2  
(% by volume) 
Carbohydrates (C6H10O5)n 0.790 0.415 50 
Lipids C57H104O6 0.125 1.014 32 
Proteins C5H7NO2 0.700 0.496 29 
Acetate C2H4O2 - 0.373 - 
Source: (Angelidaki & Sanders, 2004; Oreopoulou & Russ, 2006) 
Feedstock that has high content carbon sources and nutrients, especially C, N, and P can 
achieve efficient biodegradation during anaerobic digestion. The ratios of carbon to nitrogen 
and nitrogen to phosphorus are the most important parameters for predicting the success of 
the degradation process. Typical values of these recommended ratios are: C:N = 10:1 to 30:1, 
N:P = 5.1 to 7.1 and overall COD: N:P = 420:7:1 to 1500:7:1 (Schön, 2010). 
2.6 Biomethane potential of feedstocks 
The energy value, in terms of methane content, of any given biomass feedstock, can be 
estimated theoretically by using an empirical formula, or data obtained from the 
compositional analysis. However, in the laboratory, the biochemical methane potential (BMP) 




2.6.1 Determination of the theoretical energy value of biomass feedstocks 
A feedstock has a maximum amount of methane it can produce based on its carbon content, 
and this can be quantified by putting the chemical composition of the wastes into the Buswell 
and Mueller equation (Equation 2-3). The volume of empirical methane production estimated 
theoretically cannot be achieved in practice because microorganisms use a portion of the 
carbon and energy gained from the catabolic destruction of the feedstocks for the growth and 
maintenance of their biomass (anabolic processes), while some portion of the biomass 
feedstock is not biodegradable (Angelidaki & Sanders, 2004; de Lemos Chernicharo, 2007; 
Mohee & Mudhoo, 2012; Wellinger, 2013). This could also be due to inhibition from other 
components in the feedstock and from inadequate time for hydrolysis. 
The energy potential can be estimated using the stoichiometric oxidation relationship of the 
chemical composition of the biomass feedstock identified by Buswell and Mueller (1952). 
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Equation 2-3 
 where CnHaOb represents the empirical composition of the feedstock, where the values of the 
number of atoms a, b and c are determined by elemental analysis.  Similarly, the standard 
wastewater analysis parameter can be used to determine gas yields.  Typically, for every 1 g 
of COD destroyed in AD operating at 35 Cͦ, 395 mL of CH4 gas is produced. According to 
Frigon and Guiot (2010), some other important nutrient parameters in AD reactors such as 
volatile solids (VS), chemical oxygen demand, total organic carbon (TOC), total organic 
nitrogen (TON), and total phosphorus, can be theoretically determined using a more robust 
empirical formula given in Equation 2-4. 
𝐶𝑎𝐻𝑏𝑂𝑐𝑁𝑑𝑃𝑓 + (2𝑎 − 𝑐 + 4𝑓 + 1)𝐻2𝑂 → (𝑎 − 1)𝐶𝑂2 
+𝑑𝑁𝐻4
+ + 𝑓𝐻3𝑃𝑂4 + (4𝑎 + 𝑏 − 2𝑐 − 4𝑑 + 6𝑓 + 1)𝐻
+  






VS (g) = 12a + b + 16c + 14d + 32f  
COD (g) = 32a + 8b – 16c – 24d + 40f  
Total Organic carbon (g) = 12a   
Total Organic Nitrogen (g) = 14d  
Total Phosphorus (g) = 32f 
 
The theoretical methane potential (TMP) of a substrate CnHaObNcSd from compositional 
analysis expressed as m3 CH4. kg
-1 substrate converted at STP can also be simply calculated 
using Equation 2-5 and Equation 2-6 from Frigon and Guiot (2010) and Angelidaki and 









































when only the composition of carbon, nitrogen, and oxygen are known, where 22.4 is the 
molar volume of an ideal gas (L STP.mol-1). Due to non-degradable components of biomass, 
in practice, the actual methane yield from anaerobic digestion plants does not often exceed 
60% of the TMP value (Frigon & Guiot, 2010).  The use of TMP to estimate BMP is simple.  
However, the TMP value of methane obtained is always higher than the actual methane yield 
from BMP experiments as it does not consider factors such as inhibition, hydrolysis time, 
biodegradability and proportion of the carbon in the feedstock used for new biomass synthesis 
(Mohee & Mudhoo, 2012). 
The nutritional composition and fatty acids content of a given biomass feedstock can also be 





= 0.415(𝑐𝑎𝑟𝑏𝑜ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑠) + 0.496(𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠) 




where the carbohydrates, proteins, lipids, acetate, and propionate are expressed as the % of 
the volatile solids (VS) and the methane potential expressed at STP (Zamorano, 2008). 
2.6.2 Biochemical Methane Potential (BMP) Assay 
The biochemical methane potential (BMP) assay established by McCarty (1964) and his 
research group is a simple and inexpensive laboratory procedure used to estimate the 
anaerobic digestibility of a biomass feedstock and its toxicity under anaerobic conditions 
(Owen et al., 1979; Riffat, 2012; Rouches et al., 2017).  The results from the test show the 
ultimate methane (or biogas) produced from a given weight of biomass feedstock (Angelidaki 
et al., 2009; Mohee & Mudhoo, 2012), which serves as a key parameter for the design and 
operation of full-scale anaerobic digestion plants (Abu-Dahrieh et al., 2011). The maximum 
specific methane yield obtained from anaerobic digestion of the substrate feedstock is 
expressed as m3 CH4.kg
-1VS added.  The value of the observed methane yield from the BMP 
test divided by the theoretical methane yield (TMY), is the biodegradable fraction of the 
substrate (Dahlquist, 2013). A comprehensive method for carrying out BMP assay has been 
reported in the German Standard Procedure for Fermentation of organic materials (VDI. 4630, 
2006). 
2.7 Process parameters that affect the performance of anaerobic digestion 
The performance of the AD process is influenced by several factors inside the reactor, 
especially temperature, pH value, alkalinity, anaerobic conditions, characteristics of waste, 
nutrients supply (e.g. micro and trace elements), organic and hydraulic loading rate, volatile 
fatty acid concentration, mixing, presence of inhibitors and toxic substances in the reactor 
(Schön, 2010; Van Haandel, 2007).  
2.7.1 Temperature  
Temperature has been reported to be the most important factor that controls the rate of 
anaerobic digestion and biogas production process (Klemes et al., 2008). Temperature is a 
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critical factor that determines the performance of the AD because it primarily controls the rate 
of the biochemical processes, especially the hydrolysis phase, which has been reported by 
many studies to be the rate-limiting phase (Bajpai, 2017; Ferreira et al., 2013; Khanal, 2011c; 
Nayono, 2010; Van Haandel, 2007). A fall in temperature could lead to decrease in microbial 
activity and biogas production, whereas an increase in temperature could increase microbial 
activity but could also lead to the death of some bacteria (Klemes et al., 2008). Potentially, for 
every 10 - degree rise in temperature, the rate of reaction can double (Bajpai, 2017), however, 
this is subject to the limitations above. 
Several studies have shown that AD processes can be operated with three broad temperature 
ranges based on the three anaerobic bacterial thermal groups, namely: cryophiles 
(psychrophiles), mesophiles, and thermophiles (Cheng, 2009; Klemes et al., 2008; Riffat, 
2012; Schön, 2010), as presented in Table 2-2.  

















Cryophilic 10 - 25 > 20 > 50 Low High 
Mesophilic 30 - 40 35 25 - 30 Medium Medium 
Thermophilic 50 - 60 55 10 - 15 High Low 
 
Anaerobic digesters operated under cryophilic (psychrophilic) temperatures are characterized 
by low degradation rates and low methane productivity.  They are normally run at longer solid 
retention times (SRT) and low organic loading rates (Schön, 2010).  A study by Chen et al. 
(2016) on the AD of tomato plant waste conducted at cryophilic room temperatures (20 - 25 
°C) and a mesophilic temperature (37 ± 1 °C) in a batch test, showed that the digesters 
achieved higher performance under mesophilic temperatures. 
Another study carried out by Da Ros et al. (2017) on the anaerobic co-digestion of winery 
wastewater sludge and wine lees in pilot plants operated at mesophilic and thermophilic 
conditions, showed that the digestion process was stable for a long period at a mesophilic 
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temperature (37 °C) with an average biogas production of 0.386 m3.kg-1CODfed compared to 
the thermophilic reactor which failed after one HRT (23 days) due to VFA accumulation. 
Thermophilic anaerobic digesters can tolerate higher loading rates, smaller reactor size due to 
shorter retention time, have higher methane productivity due to faster growth of microbes, and 
higher pathogen inactivation (Schön, 2010).  A study by Streitwieser (2017) also revealed that 
the activation energy and degradation rate of thermophilic AD processes are higher than the 
mesophilic regimes. However, another study by Capson-Tojo et al. (2017) on the AD of 
microalgae under mesophilic (35°C) and thermophilic (55°C) temperatures in batch and 
continuous reactors, also showed that although thermophilic reactors had higher hydrolysis 
rates in terms of soluble COD production, these did not improve the methane productivity 
compared to the mesophilic reactors.   
The main disadvantages of thermophilic AD reactors are the decreased process stability that 
arises from the higher growth rate of microbes at the shorter SRT, and this can lead to 
incomplete digestion, which eventually increases the washout of microorganisms from the 
reactors (Schön, 2010).  Although Da Ros et al. (2017) were able to overcome the instability 
challenges of running thermophilic reactors and improved the process by the addition of trace 
elements (iron, cobalt, and nickel) as supplements, they reported that the produced sludge 




Figure 2-9   Relative growth rate curves of methanogens during AD at different temperatures 
(Lettinga et al., 2001; Schön, 2010) 
Within each temperature range, the growth rates of bacteria increase exponentially with 
temperature according to the Arrhenius equation until the optimum temperature is reached 
beyond which, the growth rate begins to decline exponentially as the temperature reduces the 
bacterial metabolism by denaturing macromolecules such as enzymes (Schön, 2010).  
Bacterial growth (Figure 2-9) is not limited to these classes of temperature, as some bacteria 
can survive over a wide range of temperatures, including temperatures as low as 0°C (Riffat, 
2012). 
2.7.2 pH 
The pH of a solution, which is defined as the negative logarithm of the hydrogen ion 
concentration (H+) (Equation 2-8), is an important factor that determines the optimal growth 
and maximum enzymatic activity of different microbial groups, as well as the equilibrium 
conditions of the AD system during the degradation process (Schön, 2010). Thus, maintaining 
a suitable pH during AD operation is an important factor for controlling the performance of 
the digestion process because a slight change in pH adversely affects the different stages of 
AD process to different degrees (Bajpai, 2017; Khanal, 2011c), and may signify the start of 
VFA accumulation (Boe et al., 2010). 







Lue-Hing (1998) reported that a pH value between 6.6 and 7.4, when the carbon dioxide 
content of the biogas varied from 30 to 40%, indicates that the bicarbonate alkalinity (which 
is approximately equal to total alkalinity) in the reactor ranges between 1000 and 5000 mg.L-1 
as CaCO3. According to Klemes et al. (2008), methanogens will begin to die at a pH below 
6.5 due to acidification, and this will lead to the reduction or inhibition of biogas production. 
Therefore, it is preferable to maintain the pH inside the digester at a near neutral value of 7 in 
order to ensure stable operation (Van Haandel, 2012, 2007).  
2.7.3 Alkalinity 
Alkalinity value defines the buffering capacity, or the ability of the reactor contents to resist 
changes in pH (Federation, 2007; Von Sperling & de Lemos Chernicharo, 2005). Buffering 
capacity refers to the capacity of the digester medium to neutralize the acids produced during 
the degradation process in order to reduce pH change (Ferreira et al., 2013). During the AD 
process, CO2 which is one of the products forms bicarbonate which provides a buffering 
system within the reactor, and that helps to maintain the required pH (Van Haandel, 2012, 
2007).   
According to Schön (2010), a reduction in pH could be due to acid contained in the substrates, 
the formation of VFA (e.g. acetic acid) during the digestion process, or when the CO2 
produced during the fermentation and methanogenesis stages is solubilized in water to form 
carbonic acid (Equation 2-9): 
CO2 +  H2O  ⇋    H2CO3      Equation 2-9 
The high partial pressure of H2 can also inhibit propionic acid-degrading bacteria causing the 
accumulation of high concentrations of volatile fatty acids (VFA), such as butyric and 
propionic acids (Khanal, 2011c), and this causes a reduction in pH. This condition requires 
that adequate amounts of alkalinity are present to buffer the reaction process in order to resist 
the drop in pH (Schön, 2010) since low pH reduces the activity of the methanogens (Khanal, 
2011c). Research has shown that bicarbonate alkalinity >1000 mg.L-1 as CaCO3 is required in 
order to maintain pH in the digester above 6.8, and consequently, the alkalinity in large scale 
the AD plants is maintained between 1000 - 5000 mg.L-1 as CaCO3 (Federation, 2007; 
Khanal, 2011c). However, to maintain more stable operation, a pH range of 7.0 – 7.2, 
alkalinity 4000 – 5000 mg.L-1 CaCO3, is recommended (Andreoli, 2007). Some examples of 
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chemicals which are commonly used to maintain bicarbonate alkalinity in anaerobic digesters 
are presented in Table 2-3.  
Table 2-3   Alkalinity equivalent weight ratios (Federation, 2007) 
Chemical name Formula Ratio 
Anhydrous ammonia NH3 0.32 
Aqua ammonia NH4OH 0.70 
Anhydrous soda ash Na2CO3 1.06 
Caustic soda NaOH 0.80 
Hydrated lime Ca(OH)2 0.74 
 
It has been reported that instead of using alkali to increase the buffering capacity of the AD 
progress, liquid digestate could be used to save cost (Oreopoulou & Russ, 2006).  Research 
has also shown that addition of the right amount of sodium bicarbonate is often preferred due 
to its high solubility, long-lasting effect, low toxicity, and the fact that it can significantly 
consume gas-phase CO2 and improve the pH when added directly (Li, 2016). A detailed 
procedure for determining the right amount of reagent to add to an AD in order to provide the 
required alkalinity has been published (Federation, 2007).  However, the use of commercial 
high purity chemicals to control pH in AD reactors is expensive and may not be affordable to 
people from low-income countries, and therefore the use of very cheap locally available 
alkaline-rich waste materials such as biomass ash and its extracts might be a better alternative. 
2.7.4 Effect of mixing on the AD process 
The good operational conditions in high-rate AD reactors that provide an optimum 
environment for microorganisms can be achieved through adequate mixing, together with 
heating, uniform feeding rates and correct thickening of the feed sludge (Federation, 2007; 
Schön, 2010). The benefits of effective digester mixing are:  
• It enhances in a uniform distribution of incoming substrate throughout the digester 
• It improves the contact of the substrate with the microorganism 
• Mixing provides uniform heating for all the reactor contents 
36 
  
• It reduces the formation of scum layers and accumulation of settled sludge at the 
bottom of the reactor 
• It increases the dilution of inhibitors- including toxic substances, unfavorable pH, and 
balances the temperature of the feedstock  
• It enhances the phase separation of the biogas from the digester liquid. 
2.7.5 Solid residence time (SRT) 
This refers to the period that solids are retained in the digesters and is determined by the 
characteristics of the substrate, as easily degradable substrates require short SRT, while 
substrates which are hard to degrade (lignocellulose) are digested with long SRT (VDI. 4630, 
2006). It controls the type of microorganisms that can grow in the reactor and the biogas yield 
(Korres, 2013; Schön, 2010; Singh et al., 2015). Short retention time can increase gas 
production rates but gives poor gas yields in terms of the VS converted, while long retention 
time essentially leads to increase in the specific gas yield but decreases in the volumetric gas 
production rate which is expressed as m3 CH4.m
-3.d-1 (Cheng, 2009; Schön, 2010). 
2.7.6 Organic loading rate  
This refers to the amount of substrate (volatile solids, kg or kgCOD) or other measure of 
organic matter introduced into the digester per reactor volume (m3) in a day (d).  It is an 
important parameter used in the determination of the size and operation of AD digesters 
during the design process. It is calculated as shown in Equation 2-10. 









 where OLR is the organic loading rate (kgVS.m-3. d-1or kgCOD. m-3.d-1), Q the influent flow 
rate (m3.d-1), C the concentration of volatile solids in the substrate (kgVS.m-3) and V the 
reactor volume (m3) (Nayono, 2010; Schön, 2010). For a CSTR with no recirculation, the 
SRT is equal to the HRT, whereas SRT is higher than HRT in reactors that incorporate solids 
recycle (de Lemos Chernicharo, 2007; Korres, 2013; Schön, 2010). As shown in Equation 
2-10, OLR is inversely proportional to HRT which signifies its dependence on retention time, 
in addition to the process temperature. This indicates that an increase in OLR at lower 
temperatures would require longer retention time. 
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2.7.7 Redox Potential or Oxidation-Reduction Potential (ORP) 
The activity of microbes inside AD reactors is influenced by the redox potential (Table 2-4) in 
of system. The ORP measured in millivolts (mV) can be defined as the tendency of chemical 
species such as molecules and radicals in the AD to gain electrons and then undergo reduction 
(Rosato, 2017). Values of ORP between 0 and – 2000 mV indicate anaerobic process (Rosato, 
2017), and according to Khanal (2011c), maintaining ORP value around -200 to -350 mV in 
the AD at pH 7.0 provides a competitive advantage to the growth of obligate anaerobes within 
the reactor mixture. 
Table 2-4   Oxidation-Reduction Potential (ORP) and bacterial activity in AD reactors  
ORP (mV) Bacteria Activity 
+300 O2 is available and used to degrade BOD 
+100 to -100 NO3
- available and used to degrade cBOD: denitrification occurring 
< -100 SO4
2- available and used to degrade cBOD: sulfate reduction and acid 
production occurring 
< -200 Anaerobic fermentation and acid production occurring 
<-300 Methane and H2S production occurring 
Adapted from (Gerardi, 2006) 
During AD processes, the production of CO2 is due to oxidation process of organic carbon 
while the formation of methane is a reduction process of the organic carbon (Rosato, 2017). 
An increase in the oxidation-reduction potential above -300 mV due to the presence of sulfate 
and nitrate in the digester, inhibits the activity of the methane-forming bacteria, and methane 
production, but does not inhibit the activity of acidogenic bacteria (Gerardi, 2006). Therefore, 
such conditions may lead to instability. 
2.7.8 Toxicity and inhibition 
Methanogens are very sensitive to the presence of toxic materials in the AD feedstock or 
reactor.  Some of these toxic materials, for instance, weak acids and bases produced during 
the digestion process become toxic and dissociated due to pH (Van Haandel, 2012, 2007). 
Toxicity exerts adverse irreversible effects on the microbial metabolism during the AD 
process.  Inhibition, on its own, is reversible and precedes toxicity.  Inhibition takes place 
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when there is a small increase in the concentration of a compound leading to reversible 
impairment of the biological process, either by affecting microbial cell structures or the 
enzymes that carry out metabolism during anaerobic digestion process (Gerardi, 2006; 
Holland, 2013; Korres, 2013; Schön, 2010; Stronach et al., 2012). Inhibitors are chemical 
substances such as ammonia, sulfide, metals and some organic compounds which negatively 
affect or retard microbial growth in the AD, leading to decrease or a complete cessation of 
methane production (Chen et al., 2008; Cheng, 2009; Wang et al., 2010). 
2.7.8.1 Oxygen inhibition 
Traces of oxygen in AD inhibit the methane-forming archaea which are strict anaerobes 
(Schön, 2010; Van Haandel, 2012, 2007; Wang et al., 2010), and these die in the presence of 
free molecular oxygen (Gerardi, 2003). Free molecular oxygen does not actually kill obligate 
anaerobes such as the methanogens, but they are killed by highly toxic superoxide (O2
-) and 
hydrogen peroxide (H2O2) which are formed when free oxygen enters the bacterial cell 
(Gerardi, 2006). 
2.7.8.2 Ammonia inhibition 
Ammonium is produced when protein is degraded, and the quantity produced in the AD 
digester is a function of the total nitrogen in the substrate and the rate of protein degradation 
(Poltronieri, 2016; Van Haandel, 2012, 2007).  The quantity of ammonia contained in a 
substrate can be estimated by stoichiometry using the Buswell equation as shown (Equation 




where CnHaObNd represents the chemical formula of the biodegradable organic material 
undergoing complete anaerobic degradation process. H2O, CH4, CO2 and NH3 are expressed 
in litres(L), mL.gVS.d-1, mg.L-1, respectively. 
 The main forms of inorganic nitrogen in the anaerobic digester are the ammonium ion (NH4
+) 
and free ammonia (NH3) (Chen et al., 2008), and together these constitute the total 
ammoniacal nitrogen (TAN). When the ammonium concentration is too low it will cause 
39 
  
nitrogen shortage in the reactor which will limit the growth of the bacteria leading to poor or 
suboptimal process performance (Poltronieri, 2016). Conversely, when the ammonium 
concentration is excessive (Table 2-5), it can often lead to reactor failure due to ammonia 
inhibition (Poltronieri, 2016). This inhibition is due to the diffusion of free ammonia into the 
cell membrane and causes proton imbalance and/or potassium deficiency inside the cell of 
methanogenic archaea (Chen et al., 2008; Gübitz et al., 2015). The level of ammonia 
inhibition in AD depends on the organic composition of the feedstock, inoculum and the pH 
and temperature inside the digester (Chen et al., 2008).  pH affects the equilibrium ratio of 
free ammonia to ammonium ion in the anaerobic digester. The ranges of ammonia 
concentrations and their effects are presented in Table 2-5. 
Table 2-5  Effect of ammonia nitrogen on anaerobic digestion at neutral pH 
Ammonia concentration (as N, mg/L) Effect  
50 – 200 Beneficial 
200 – 1000 No adverse effect 
1500 – 3000 Inhibitory at pH 7.4 to 7.6 
Over 3000 Toxic at pH > 7.6 
Source: (Von Sperling & de Lemos Chernicharo, 2005) 
Therefore, it is the free unionized (non-dissociated) form of ammonia (FAN), which is very 
toxic to methanogens, especially at concentrations higher than 3000 mg. L-1 where it is toxic 
at all pH values. If the value of TAN is known, FAN can be estimated using Equation 2-12 
(Shi et al., 2017):   







where, CFAN and CTAN are the concentration of free ammonia and the total ammonia nitrogen, 
respectively, Ka = 1.097 x 10-9 at 35 C is the ammonia dissociation constant. 
2.7.9 Volatile fatty acids 
Volatile fatty acids (VFA) are intermediate products formed during the anaerobic degradation 
process. VFA can exert toxicity if the rate of their production exceeds the rate of consumption 
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in a reactor, thereby disrupting the equilibrium of the process due to the formation of high 
concentrations of unionised acids which can diffuse through the cell membrane of bacteria 
(Gerardi, 2006; Schön, 2010; Van Haandel, 2012, 2007). High concentrations of unionized 
volatile acids like acetate, butyrate, and propionate reduce the alkalinity which results in a fall 
in the reactor pH. Propionate has been reported to be the most inhibitory VFA to the AD 
process, particularly when present at a concentration > 5 mg.L-1 (Gerardi, 2003; Oreopoulou 
& Russ, 2006).  
2.7.10 Aromatic, phenolic and chlorinated hydrocarbons 
These hydrocarbons are toxic to methanogens, especially chloroform (CHCl3), when present 
at a concentration above 1 mg.L-1 (Gerardi, 2006; Wang et al., 2010). Aldehydes, especially 
formaldehyde (HCHO), are very toxic to methanogens when present at concentrations above 
100 mg.L-1. Some aromatic compounds such as toluene, phenols, benzene also inhibit 
methanogenic activities during AD (Gerardi, 2006; Wang et al., 2010). The presence of 
industrial wastes containing chlorinated organics and biocides can also result in immediate 
toxic effects when added into the reactor. Such materials are naturally toxic, and exert 
irreversible toxic effects on the metabolic process, unlike ordinary inhibitory substances (Van 
Haandel, 2012, 2007). Similarly, tannins which are phenolic compounds contained in apples, 
beans, cereals, bananas, and coffee are potentially toxic to methanogens and are believed to 
inhibit specific enzyme sites in the microbes (Gerardi, 2006). 
2.7.11 Sulfate and sulfide inhibition 
Sulfur is an essential nutrient for most microorganisms and is a vital component of the cells of 
the methanogenic archaea.  A concentration in the range 1 - 25 mg.L-1 supports the growth of 
methanogens (Chen et al., 2008; Gerardi, 2003). According to Gerardi (2006), 1.5 g of sulfate 
is reduced to hydrogen sulfide when SRB degrade 1 g of COD. Sulfate does not actually 
inhibit methanogens but SRB such as Desulfuromonas, Desulfovibrio, and Desulfomonas 
outcompetes methanogens for substrates. Also, the reduction of sulfate by SRB produces 
hydrogen sulfide (H2S) and sulfide ions (HS
-, S2-) which strongly inhibit the AD process, 
particularly at concentrations above 150 - 200 mg.L-1 (Gerardi, 2003; Schön, 2010; Wang et 
al., 2010). Sulfide inhibition is also pH dependent because only the unionized H2S can easily 
diffuse through the cell membrane and cause toxicity (Gerardi, 2006; Schön, 2010). 
Therefore, pH values below pH 7 will increase the toxic hydrogen sulfide concentration and 
reduce the free sulfide ion concentration (Gerardi, 2003; McCartney, 1991).   
41 
  
In general, sulfide can be tolerated by methanogens when its concentration is below 50 – 100 
mg.L-1 (Van Haandel, 2012, 2007). The toxicity caused by sulfide can be reduced by adequate 
pH control, adding ferrous salts which will form insoluble iron sulfide (Haghighi Mood et al., 
2013). Recycling the digested sludge to enhance the growth of sulfide-tolerant bacteria, and 
dilution of the feed and scrubbing of the biogas to strip the H2S gas and reduce aqueous 
concentrations (Van Haandel, 2012, 2007; Wang et al., 2010).  
2.7.12 Metal inhibition 
Metals such as sodium (Na), potassium (K), calcium (Ca), magnesium (Mg) and other trace 
metals, are important to methane-producing microorganisms when available at the correct 
concentrations in the AD reactor (Chen et al., 2008; Gerardi, 2006; Khanal, 2011b; Nayono, 
2010; Schön, 2010). Salts from minerals or organic matter contain cations such as Na, K, Mg 
and Ca; transition metals with beneficial effects in low concentration such as Fe, Cu, Zn, Ni, 
Co, Mn, Cr  (see Section 3.2.1, Table 3-3 and Table 3-4), and other heavy metals which are 
not important to the AD process such as Cd, Pb, Al and Hg, are also found frequently in 
digesters (Chen et al., 2008; Gerardi, 2006; Schön, 2010; Van Haandel, 2012, 2007). 
According to Lue-Hing (1998), Cu, Zn, and Ni are toxic to methane-producing archaea at low 
concentrations, but most of the transition metals such as Fe and Al are insoluble near the 
neutral pH and therefore are not toxic. However, research has shown that the toxicity of heavy 
metals can be neutralized when they react with sulfide inside the reactors to precipitate the 
insoluble metal sulfide of their toxic metals (Bajpai, 2017; Gerardi, 2003; Hatti-Kaul et al., 
2016; Khanal, 2011a; Van Haandel, 2012, 2007). 
2.8 Lignocellulosic biomass as AD substrate  
Lignocellulosic substrates are mainly composed of plant or crop residues and are the most 
abundant biomass resources on earth (Gupta & Tuohy, 2013). Lignocellulose is contained 
within the non-edible part of plants (Tong et al., 2013), and it is made up of three biological 
polymers namely: cellulose, hemicellulose, and lignin (Dahlquist, 2013; Harmsen et al., 2010; 
Nitsos et al., 2013). The relative composition of these polymers in woody biomass are: 
cellulose (40 - 50%), hemicellulose (20 - 30%); lignin (20 - 35%); and other extractable (0 - 
10%) (Barnett & Jeronimidis, 2009). The cellulose and hemicellulose components are simple 
polymers of sugars and therefore are readily used as a source of fermentable sugar by 




The cellulose (𝐶6𝐻10𝑂5)n is the major structural constituent of plant cell walls that provides 
structural support to the plant, and the most abundant renewable organic resource on earth 
(Chen et al., 2016). It is a highly insoluble crystalline carbohydrate polymer that is not 
digestible by humans (Agbor et al., 2011; Harmsen et al., 2010). Cellulose comprises of a 
chain of cellobiose made up of pure dehydrated repeating units of D-glucose units joined by 
β-1, 4-glycoside linkages (Agbor et al., 2011; Chen et al., 2016; de Souza, 2013). A single 
molecule of cellulose contains about 10,000 molecules of glucose units (O'Rear, 2012).  
Although cellulose (Figure 2-10) is an unbranched polymer which is not soluble in water, it 
can be hydrolyzed during anaerobic digestion to produce D-cellobiose (β-1, 4-bond) which 
can be completely hydrolyzed to release D-glucose (Agbor et al., 2011; Dahlquist, 2013).  
 
Figure 2-10  The cellulose molecule showing the monomeric unit (Kumar et al., 2009) 
Cellulose supramolecular structure consists of chains (20-300) of highly ordered (crystalline) 
and densely packed parallel fibrous-like rod structures called microfibrils which bundle 
together to form the cellulose fibers (Agbor et al., 2011; Yang et al., 2011).  The structural 
anchor and strength of the cellulose structure are provided by the intramolecular and 
intermolecular H-bonds and van der Waals’ forces (Barnett & Jeronimidis, 2009). Cellulose is 
soluble in aqueous sodium hydroxide solution at different concentrations (7 – 10 % NaOH) 
below room temperature, especially from -10 to 4 °C (Qi, 2016). The high solubility of 
cellulose in pure commercial grade NaOH solution indicates that it might also be 
deconstructed and solubilized by using NaOH-rich ash extracts from burned natural biomass 
at different concentrations and temperatures, and potentially increase its enzymatic conversion 
to biogas via anaerobic digestion. 
2.8.2 Hemicellulose  
Hemicellulose is a complex carbohydrate with a lower molecular weight than cellulose and 
provides support for the cell wall in the plant (Dahlquist, 2013; Hendriks & Zeeman, 2009).  
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It consists of 20 – 50 % of lignocellulose biomass and it is the second most abundant polymer 
in the biomass (Agbor et al., 2011). Hemicellulose is made up of subunits of five-carbon 
(xylose and arabinose) and six-carbon (glucose, mannose, and galactose) sugars, and their 
respective sugar acids, which have a random amorphous structure with low mechanical 
strength.  It can be represented by the formula (𝐶5𝐻8𝑂4)𝑛 where n is the degree of 
polymerization (DP), which represents the number of monomeric units in the hemicellulose 
macromolecule, and which usually occur in the range of 100 - 200  (Basu, 2013; Wang, 
2014). It is structurally connected to the cellulose by hydrogen bonds and van der Waals 
forces (O'Rear, 2012), and can dissolve in dilute weak acids (Basu, 2013). The most abundant 
component of hemicellulose is xylan which is majorly found in agricultural plants such as 
grasses and straw and is reported to be partially degradable under mesophilic conditions 
(Dahlquist, 2013).  
In softwood, the hemicellulose is present mainly as glucomannan (Agbor et al., 2011), and is 
branched with short lateral chains which are hydrolyzable (Barnett & Jeronimidis, 2009). This 
implies that hemicellulose could also be easily deconstructed using highly alkaline biomass-
derived ash extracts and locally available alkaline materials from Nigerian crop wastes to 
make biogas production process cheap, affordable and efficient.  
2.8.3 Lignin  
Lignin has an amorphous polyphenolic and hydrophobic structure of three-dimension phenyl-
propane (C9 units); and is contained within the cell wall of vascular plant cell walls, and also 
possess strong resistance to oxidation and biodegradation (Agbor et al., 2011; Dahlquist, 
2013; de Souza, 2013; Harmsen et al., 2010; Kumar et al., 2009). Its resistance to 
biodegradation constitutes the most significant factor limiting biodegradability of 
lignocellulosic biomass during anaerobic digestion (Rouches et al., 2017). This recalcitrant 
lignin tightly connects the hemicellulose and the cellulose, thereby making it difficult for 
hydrolytic enzymes to access the cellulose (Dahlquist, 2013).  
The lignin molecules in the grass are the same as those in the wood and contain mostly 
aromatic glycerol-β-aryl-ether bonds like softwood (Basu, 2013; Dahlquist, 2013). The 
number of carbon-carbon bonds (β-5 and β-β) in structural units is higher than in hardwood. 
When lignin is subjected to the mechanical action, enzymes or chemical reagents, its 3-D 
structure is degraded into smaller fragments (Basu, 2013; Cheng et al., 2016). The presence of 
hydroxyls and many polar groups in the lignin structure, form strong intra and intermolecular 
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hydrogen bonds (Basu, 2013; Brodeur et al., 2011). Lignin is mostly insoluble in solvents but 
can be separated into soluble and insoluble lignin via degradation or condensation processes 
(Cheng et al., 2016). The best solvent for separating lignin is acetyl bromide and 
hexafluoroisopropanol (HFIP) in acetic acid (Cheng et al., 2016). When softened, lignin 
becomes sticky and has adhesive properties (Cheng et al., 2016), which makes it act as a 
binder between macromolecules within cells, making them remarkably resistant to impact, 
compression and bending (Harmsen et al., 2010; Yang et al., 2011). In the current study, it is 
likely that the natural alkaline extracts from plant biomass, may have some intrinsic properties 
that could enhance the deconstruction of the lignin walls during pretreatment because they 
have high contents of alkaline metals and several trace nutrients (Table 3-2) which could 
potentially enhance the softening of hard tissues in plants. 
2.9  Pretreatment of lignocellulosic biomass  
According to de Souza (2013), microorganisms can naturally produce and secrete 
carbohydrate-active enzymes, that work synergistically to degrade the plant cell walls to 
release sugars monomers such as glucose, which can be used as a substrate for the metabolism 
microorganisms that produce biogas. However, the release of glucose is often resisted by the 
architecture of the plant's cell walls, which reduces the ability of the microorganisms to adjust 
their metabolism and subsequently degrade it (de Souza, 2013). This problem can be 
overcome by subjecting the biomass to appropriate pretreatment steps. Pretreatment of 
lignocellulosic biomass (Figure 2-11), increases the surface area and porosity, disrupts or 
removes the lignin, breaks down the hemicellulose polymers and de-crystalize the cellulose, 
to make the cellulose or hemicellulose more accessible to the hydrolytic enzymes that convert 
the carbohydrate polymers into fermentable sugars (Ayoub & Lucia, 2017; Hakeem et al., 




Figure 2-11  Effect of pretreatment on lignocellulosic biomass. Adapted from (Mosier et al., 
2005) 
Pretreatment should essentially improve the release of sugars, avoid the formation of 
degradation by-products that would inhibit the downstream processes, and must be cost-
effective (Ayoub & Lucia, 2017; Brodeur et al., 2011; Kumar et al., 2009; Sun & Cheng, 
2002).  The choice of suitable pretreatment depends on the structure of the biomass, energy 
potential of the biomass, end-user disposal practices and other technical, economic and 
environmental considerations (Gupta & Tuohy, 2013; Wong et al., 2016). Thus, there is no 
preferred pretreatment method that is universally applicable to all kinds of biomass. There are 
several literature reviews on pretreatment methods for lignocellulosic materials (Brodeur et 
al., 2011; Harmsen et al., 2010; Sun & Cheng, 2002). These state that pretreatment can be 
physical, physicochemical, mechanical, thermal, biological, or a combination of these 
processes, depending on the need to improve the degradation of the biomass (Agbor et al., 
2011; Wong et al., 2016; Yang et al., 2011).  A good comparison of the different type of 
pretreatment methods currently used for lignocellulosic biomass has been published by 
(Mondal & Dalai, 2017). 
Physical pretreatment, especially air-drying will likely be the simplest, most affordable and 
most practicable kind of pretreatment of biomass that could be used by people living in 
tropical and developing countries because of the abundant sunlight.  The use of sunlight to 
pretreat lignocellulose biomass can be achieved by subjecting the biomass to a UV-induced 
degradation (Luque & Balu, 2013), during which the lignin strongly absorbs UV energy to its 
double bond, and undergo surface degradation (Jawaid et al., 2017). Chemical pretreatment 
which is often done using acids and alkali reagents is not only expensive but requires 
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recovering of the pretreated biomass by neutralization and filtration before further processing 
(Clark & Deswarte, 2014). Similarly, cost of enzymatic pretreatment accounts for about 25% 
biogas total processing expenses (Lupoi et al., 2016).  However, in many developing 
countries of the world, including Nigeria, there are many bio-resources that are acidic and 
alkaline in nature, which have not been investigated as possible low-cost substitutes for the 
pretreatment of biomass, and these resources when exploited, may improve the solubilization 
of biomass to a degree that is comparable to chemical pretreatment processes.  
2.10 Mono-digestion and co-digestion of lignocellulosic biomass 
Research has shown that grass is an excellent energy crop, and that depending on its biogas 
potential, it could be classified as either as a high yielding, or a low energy input perennial 
crop (Nizami & Murphy, 2010). Despite a large amount of research on the AD, investigations 
on the mono-fermentation of grass silage are uncommon (Koch et al., 2010). However, a 
recent study by Zealand et al. (2017) has shown that it was feasible to mono-digest rice straw 
in an AD digester to produce biogas, which could be used by CHP technology to provide 
renewable energy. According to Beline et al. (2017), livestock manures can as well be used as 
AD feedstock because they are rich in nitrogen which could provide a buffer to manage the 
digestion process and important trace nutrients, that can enhance the biological process. 
Animal manure often contains lignocellulosic components, however, using livestock manure 
as mono-substrates in the AD is difficult because of their low energy yield compared to their 
volumes (Beline et al., 2017).  Thus, combining waste materials, especially food processing 
wastes, wastes from slaughterhouses, etc., with other substrates, especially agro-industrial 
wastes, can improve biogas production without major cost implications (Beline et al., 2017).  
Co-digestion essentially improves the nutrient balance of the feedstock and the C:N ratio 
which is necessary to make the digestion process more stable. According to several studies, 
balanced C:N ratio required to improve the stability and efficiency of an AD process ranges 
between 20 – 30: 1 (Demirbas, 2008; Korres, 2013; Lee et al., 2016; Soni, 2007). A balanced 
C:N ratio shows that the nitrogen in the feedstock will be sufficient for the degradation of 
carbon and such would enhance the rate of biogas produced (Demirbas, 2008; Lee et al., 
2016).  Therefore, it can be concluded that co-digestion of wastes improves the efficiency of 
the AD reactor and economic feasibility of the biogas production process. 
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2.11 Optimisation of the AD process using conventional supplements  
Some of the inorganic and organic additives commonly used as supplements to improve AD 
performance include: (i) micro or trace nutrients (Ni, Mo, Co, Se, Fe and W), (ii) 
macronutrients (P, N and S), and (iii) ashes from incinerators (Romero-Güiza et al., 2017). 
Choong et al. (2016) also stated that trace elements such as iron (Fe), nickel (Ni) and cobalt 
(Co) are the most studied and desirable, and their correct combination as supplements, 
especially for the mono-digestion of micronutrient-deficient substrates, can have positive 
impacts. These impacts include improved digester stability with greater organic matter 
degradation, low VFA concentrations, and higher biogas production. 
Research has also identified that when enzymes are dosed directly into AD reactors, they 
degrade the substrate faster than microbes because of their high solubility and mobility 
(Romero-Güiza et al., 2016). A recent study by Romero-Güiza et al. (2017) also showed that 
biological additives such as microbial inocula, which was rich in hydrolytic or methanogenic 
microorganisms (bioaugmentation), and enzymes, increased the efficiency of the AD process. 
Direct addition of enzymes and microorganisms such as Clostridium cellulolyticum has also 
been reported to improve the hydrolytic stage of the AD by increasing the degradation of 
lignocellulose (Hatti-Kaul et al., 2016). 
Although the addition of chemical and biological materials into AD reactors can enhance the 
process stability and biogas yield, due to improved microbial growth, a recent study has 
shown that N and P additions did not enhance specific CH4 yields from rice straw (Zealand et 
al., 2017). In some research, biochar, magnetite, granulated activated carbon, graphite, and 
carbon cloth have been added to methanogenic AD reactors to improve the degradation of 
organic acids, leading to an increase in methane production (Hatti-Kaul et al., 2016).  
2.12 Optimisation of the AD process using biomass-derived low-cost supplements  
The importance of trace nutrients supplementation during the operation of AD reactors, and 
the limitations to its use in low-income countries have been discussed in Section 1.7.  
However, these essential AD supplements which are commercially available but expensive, 
are naturally and freely absorbed by green plants from a pool of ions in the soil through their 
roots by diffusion, mass flow or root interception (Kabata-Pendias & Mukherjee, 2007; Saha 
et al., 2017). Plants absorb trace nutrients at varying concentrations depending on the nutrient 
supply rate from the soil, the length of the plant’s root and the root activity (Zhang, 2017). 
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These trace nutrients enhance the plant’s growth, productivity and the quality of fruits it 
produces (Chojnacka & Saeid, 2018; Naeem et al., 2017; Srivastava, 2012). In plants, these 
absorbed trace elements such as Cu, Fe, Mn and Zn help to activate enzymes or can be 
incorporated into the metalloenzymes of electron transfer systems; while Al, Cu, Co, Mo, Mn, 
and Zn are believed to be responsible for the protection of drought-resistant varieties of plants 
(Kabata-Pendias, 2000). The concentration of trace nutrients absorbed by plants varies with 
different species (Sharma, 2018); and plants that can accumulate over 0.1% of Pb, Co, Cr, Cr 
and more than 1% of Mn, Ni, and Zn in their shoots are referred to as hyperaccumulators 
(Han, 2007). Once absorbed, Mn, Zn, B, Mo, Se, and Cd are readily translocated to the plant 
tops, while heavy metals are mostly stored in the root regions (Alloway, 1995). Through the 
incineration of woody plant, woody biomass ash is produced. Wood-ash produced thermally 
from chemically untreated woody biomass such as straw, cereals, hay, woodchips, bark, 
sawdust and other agricultural residues is non-hazardous (Röser et al., 2008; Van Loo & 
Koppejan, 2012). According to Abdel-Jawad (2001), ash from the combustion of biomass 
contains much of the inorganic minerals contained in the original biomass. Thus, ash from 
agricultural residues contains minerals including trace elements which can be extracted to 
potentially serve as a supplement for the optimization of the AD process, especially in 
developing countries around the world. This concept will be presented in further details in this 
thesis to contribute to the growing research on AD process, as the current study will offer 
some important insights into low-cost AD process optimization for sustainable bioenergy 











Chapter 3 Materials and Methods 
3.1 Biomass Feedstocks  
The grass silages (gamba grass, guinea grass, elephant grass, spear grass), agricultural wastes 
(rice straw, cassava process wastes, empty palm bunch, empty cocoa pod) and local potash, 
were field collected in Nigeria during the dry season. These biomass feedstocks were air-dried 
locally for 14 days by spreading them on clean concrete pavements where they dried under 
direct sunlight to a moisture content below 10%, as specified in the US National Renewable 
Energy Laboratory Analytical Procedure (LAP) (Sluiter et al., 2008). After drying the 
biomass feedstocks, each species was cut into smaller pieces (about 2 cm) using scissors, and 
then packed in air-tight polythene bags in which they were transported to Newcastle 
University for this study. Some of the physiochemical characteristics of the biomass 
feedstocks are presented in Table 3-1. 


















MC (%) 7% 9% 9% 6% 7% 7% 12% 6% 
VS (%) 82% 87% 81% 89% 79% 94% 90% 84% 
TS (%) 93% 91% 91% 94% 93% 93% 88% 94% 
C/N ratio 48:1 24.2:1 36:1 36.4:1 25:1 63.9:1  223:1 65:1 
Lipids 1.9% 0.6% 0.5% 1.3% 2.4% 0.9% ND ND 
R. T. C – A mixture comprising of perennial ryegrass, Timothy and clover grasses 
ND - Not determined,  
MC – Moisture content (%) 
TS- Total solids (expressed as % dry mass)  
VS – Volatile solids (expressed as %TS) 
 
Similarly, a mixture of co-cropped grasses consisting of perennial ryegrass, clover and 
timothy grass was collected from a grass silage storage depot at Cockle park farm located in 
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Newcastle upon Tyne, where it is harvested, ensiled and used as a co-digestion feedstock for 
the commercial AD plant situated on the farm. Every biomass feedstock used for the current 
study was ground to a powder using a food blender and then sieved to pass a 1 mm sieve. 
Representative samples were taken and characterized for total solids (TS), volatile solids 
(VS), chemical oxygen demand, and then carbon, nitrogen, hydrogen, phosphorus and oxygen 
contents according to standard analytical procedures as listed in Table 3-8.  
3.2 Preparation of low-cost AD supplements  
The low-cost supplements which were used as alternative sources of trace nutrients and 
reactor buffering reagents were all prepared using the selected agricultural wastes presented in 
Table 3-2.  
Table 3-2  Selected agricultural wastes used to produce low-cost AD supplements  
S/N Name of biomass (waste) Photo Crystals from biomass 




2. Empty cocoa pod  
(ECP) 
  








Ash from empty palm fruit bunches (EPB) was collected from a heap of burnt empty palm 
bunches in a commercial palm plantation located in Umuahia Nigeria. The empty cocoa pod 
(ECP) and plantain peels (PP) in Table 3-2 were also collected from individual cash crop 
plantations located in Afikpo-North, Nigeria. Some quantities of dried empty palm fruit 
bunch, dried cocoa pod and plantain peels shown in Table 3-2, were also collected and 
brought to Newcastle University for ashing, extraction and characterization. Each type of ash-
extract was prepared by dissolving 500 g of the ash in 1 L of distilled water. The mixture 
produced was filtered using a vacuum filtration apparatus fitted with Whatman™ Grade 1 
Qualitative Filter Circles of 90mm diameter.  Soluble extracts (filtrate) from each of the 
biomass was then dried at 105 C for a period of 3 - 5 days to produce alkaline salts (crystals). 
The salt produced by the biomass feedstocks are presented in Table 3-2. From each of these 
dried extracts (crystals), 1 g of each salt was weighed and re-dissolved in 1 L of distilled 
water, and from this solution, a sample of each salt solution was taken for analysis to 
determine its elemental composition as described in Section 3.2.1. Some of the crystals were 
sent to the XRD laboratory in the chemistry department at Newcastle University where they 
were analyzed to determine the abundance of each type of chemical compounds present in the 
biomass-derived salts using X-ray diffraction (XRD)  ( 
Figure 3-1 - Figure 3-3). 
3.2.1 Elemental composition of selected biomass feedstocks   
This was carried out by the wet ash procedure described by Nielsen (2017), which involved 
the digestion of the 1 g dried and powdered sample of the biomass in a 100 mL conical flask 
which was placed in a fume cupboard. About 10 mL of concentrated H2SO4 and 10 mL of 
concentrated HNO3 acids (from Sigma-Aldrich, UK) were added to the biomass. This mixture 
of acids and biomass was placed on a hot plate and heated at 120 C for about 15 minutes, 
during which effervescence occurred accompanied by the release of reddish-brown coloured 
nitrogen (IV) oxide (NO2) gas.  The addition of the acids continued as the digestion 
progressed, until all the biomass was completely digested, which was evidenced by the 
formation of a light yellowish solution and then no further release of NO2 gas.  The digestate 
was then transferred to a 100 mL standard volumetric flask and was made up to 100 mL using 
distilled water.  A sample from this solution was then sent to an analytical laboratory located 
in the Devonshire building in Newcastle University for the determination of its elemental 
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composition using a Varian Vista MPX axial ICP-OES with CCD detector in accordance with 
the analytical procedure described in the Standard Methods for the Examination of Water and 
Waste Water 20th Edition (APHA 3120 C).  The elemental analysis of each sample of the 
biomass feedstocks and supplements was carried out in triplicates.  The mean composition of 




Table 3-3   Elemental analysis of some selected biomass feedstocks for their metal 
composition 
Metals (mg/g) Concentration (mg.g-1) 
 Elephant Gamba Rice Straw Spear Grass Guinea 
Al  21.6 3.83 1.21 4.58 2.65 
Ca 66.3 42.5 43.5 41.1 59.2 
Co 0.37 <0.01 0.11 0.07 0.03 
Cu 0.91 0.24 0.24 0.26 0.19 
Fe  237 4.37 51.9 35.2 21.1 
K  193 83.1 112 98.4 129 
Mg 31.6 26.7 4.40 8.50 23.8 
Mn  5.20 3.88 4.18 1.12 2.08 
Na 4.2 6.4 2.4 2.4 4.3 
Ni 35.1 0.08 8.29 5.12 2.69 
P  39.4 26.0 13.8 8.3 12.8 
Pb  <0.05 <0.05 <0.05 <0.05 <0.05 
S  14.2 24.8 7.2 12.6 16.9 
Se  <0.1 <0.1 <0.1 <0.1 <0.1 
Zn  0.54 0.49 0.35 0.22 0.69 









 Concentration (mg. g-1) 
Al Ca Co Cu Fe K  Mg Mn  Na Ni  P  S Se  Zn 
EPB 0.4 0.5 <0.01 0.02 0.06 3746 1.2 0.03 22 0.07 187 107 <0.1 0.04 
PP 0.1 0.5 <0.01 <0.01 <0.01 4302 0.2 <0.01 17.5 0.03 109 50.4 <0.1 <0.01 
ECP 0.2 2.7 <0.01 <0.01 <0.01 4059 1.3 <0.01 12.8 0.02 6.1 124 <0.1 <0.01 
EPB – Empty palm bunch ash extract;  
PP   – Plantain peels ash extracts and  
ECP – Empty cocoa pods ash extracts 
 
3.2.2 Determination of the abundance of the major chemical compounds in some 
selected crystals from biomass ash-extract 
The salts samples produced from the biomass ash described in Section 3.2, were sent to the 
XRD laboratory located at the Chemistry department in Newcastle University.  The results 
obtained from the analysis are as shown in  
Figure 3-1 –  Figure 3-3.   
      
Figure 3-1   XRD analysis showing high peaks of potassium bicarbonate and potassium 




Figure 3-2    XRD analysis showing high peaks of potassium bicarbonate and potassium 
carbonate contents and other trace nutrients within crystals from empty cocoa pod ash-extract  
 
 
Figure 3-3     XRD analysis showing high peaks of potassium bicarbonate and potassium 




3.2.3 Analysis of carbon, nitrogen, oxygen, nitrogen and sulfur contents of selected 
biomass feedstocks 
The carbon, nitrogen, and sulfur contents from 1 gram of the powdered biomass from each 
biomass feedstock was measured to an accuracy of ± 1% using an Elementar VarioMAX CNS 
analyzer at the Drummond building GC/MS laboratory in Newcastle University. The analysis 
involved combustion of the biomass feedstock at 1145°C in an oxygen atmosphere. However, 
the oxygen contents of each biomass were measured by the Elemental Microanalysis 
Laboratory, UK using Thermo elemental analyzer model NA2000, configured for oxygen 
analysis. The hydrogen content was determined using Carlo Erba EA1108 Elemental 
Analyser using the dynamic flash combustion gas chromatography technique (Pella & 
Colombo, 1973). The data obtained from the above analysis were then used to generate the 
stoichiometric formula of each biomass and the theoretical biochemical methane potentials 
(TMP) presented in  
Table 3-5 by using the Buswell Equation 3-1. 
𝐶𝑎𝐻𝑏𝑂𝑐𝑁𝑑𝑆𝑒 +  (
4𝑎−𝑏−2𝑐+7𝑑+2𝑒
4
) 𝐻2𝑂 → (
4𝑎+𝑏−2𝑐−3𝑑−2𝑒
8
) 𝐶𝐻4 +  
 
(
4𝑎 − 𝑏 + 2𝑐 − 5𝑑 + 2𝑒
8





where the TMP = (
4𝑎+𝑏−2𝑐−3𝑑−2𝑒
8





















𝐶396𝐻666𝑂237𝑁24𝑆 +  154𝐻2𝑂 
→ 213𝐶𝐻4 + 159𝐶𝑂2 + 24𝑁𝐻4𝐻𝐶𝑂3 + 𝐻2𝑆 
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2 Gamba grass 𝐶619𝐻1135𝑂396𝑁29𝑆 +  188𝐻2𝑂 






𝐶659𝐻1299𝑂439𝑁38𝑆 + 181𝐻2𝑂 




4 Rice straw 𝐶813𝐻1504𝑂560𝑁48𝑆 + 242𝐻2𝑂 




5 Guinea grass  𝐶570𝐻1143𝑂376𝑁21𝑆 + 134𝐻2𝑂 






 𝐶1578.8𝐻2967.1𝑂1403.7N + 135.2𝐻2𝑂 
→ 809.4 𝐶𝐻4 + 769.4.4𝐶𝑂2 + 𝑁𝐻4𝐻𝐶𝑂3 
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The results were validated using the online biogas app (OBA) available online at: 
https://biotransformers.shinyapps.io/oba1/ (Accessed 16/09/2018) 
 
3.2.4 Estimation of cellulose, hemicellulose and lignin contents in biomass feedstocks 
Several lignocellulosic biomass feedstocks were used in the current study.  However, the 
determination of their lignocellulosic composition, such as their cellulose, hemicellulose and 
lignin contents were only carried out using the Elephant grass, Gamba grass and Guinea grass. 
The experiment was performed in accordance with the protocol developed by Van Soest 
(1963), and following the analytical procedures described by Goel (2007) & Sharma (2008).  
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All the reagents used for this analysis were of analytical grade and were purchased from 
Sigma/Aldrich, UK 
3.2.4.1 Estimation of cellulose 
The cellulose contents of the biomass feedstocks were determined using the following 
reagents: 
1. Acetic nitric reagent (150 ml of 80% acetic acid + 15 ml of concentrated HNO3) 
2. Anthrone reagent (0.2% anthrone in concentrated 67% H2SO4 which was prepared 
fresh before use) 
Procedure: 
About 1 g of powdered biomass from the air-dried sample (< 1mm) was added to a boiling 
tube, followed by 3 ml of acetic nitric reagent, and then mixed using vortex mixer. The 
mixture formed was boiled in a water bath for 10 minutes, then cooled and centrifuged for 20 
minutes to extract the supernatant which was then discarded. The residue left was then 
washed with D.I water, centrifuged, and the supernatant discarded. Furthermore, 10 ml of 
67% H2SO4 was added to the residue and this produced a mixture which was left to stand for 
1 hour to form a solution. From this solution, 1 ml volume was taken using a pipette into a 
100 mL volumetric flask and was diluted to 100 mL using D.I water.  From this dilute 
solution, 1 ml was pipetted into a test tube, followed by the addition of 10 ml of anthrone 
reagent in order to determine the cellulose content (x) in the biomass.  In order to accurately 
estimate this cellulose content, a cellulose standard containing 100 mg of crystalline cellulose 
was also measured and prepared the same way as described for the sample, and then dilute to 
the concentrations shown in Table 3-6. The contents of the test tubes were subsequently 
boiled in water bath for 10 minutes and cooled. The absorbance of each tube was measured at 
630 nm wavelength.   
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Table 3-6  Procedure for the determination of the cellulose contents in biomass feedstock 
Reagents 
(ml) Blank  1 2 3 4 5 6 7 8 9 10 x 
Standard 
cellulose - 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.0 
Distilled 
water 1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 - - 
Anthrone 
reagent  10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 
 
A standard curve was then prepared and was used to calculate the amount of cellulose present 
in the sample by using the equation of the line of best fit (Equation 3-2) 
y = mx + c. Equation 3-2 
         where x is the cellulose content (%), c is a constant, and y is the absorbance measured 
by the spectrophotometer for each sample dilution. 
3.2.4.2 Estimation of neutral detergent fibre (NDF) or plant cell-wall contents 
The NDF contents of the biomass feedstock were determined the modified Van Soest and 
Wine (1967) procedure as contained in Faithfull (2002). The chemical reagents used include: 
1. Neutral detergent solution: Prepared by dissolving 30 g of sodium dodecyl sulfate, 
18.61 g of sodium borate decahydrate, 6.81 g of sodium borate decahydrate, and 4.56 
g of anhydrous disodium hydrogen phosphate in 1 litre of distilled water and stirred to 
dissolve the mixture. Weighing was carried out with an extraction fan on, and while 
wearing dust masks because sodium dodecyl sulfate dust irritates the lungs. The pH of 
the mixture was adjusted to 6.9 – 7.1 using 1 N NaOH solution. About 10 mL of 
triethylene glycol was then added to the solution to prevent foaming. 
 
2. Acetone  
Procedure.  
About 0.5 g of powdered biomass from the air-dried sample (< 1 mm) was weighed and 
transferred to a 500-ml round-bottom flask (socket size 34/35).  After that, 100 mL of neutral 
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detergent solution was measured and added to the biomass in the flask at room temperature. 
This mixture, containing the biomass and the neutral detergent solution was then transferred 
to the Kjeldahl heating unit. On the Kjeldahl heating unit, a coil condenser ground glass cone 
with size 34/35 was connected to the round-bottomed flask. Subsequently, a steady supply of 
water was turned on while the mixture was heated to boil. At boiling point, the heating 
regulator was turned down and the heated mixture was allowed to simmer for 60 minutes. 
This period, the flask was occasionally swirled and squirted with a little amount of D.I water 
to wash back samples from the flask walls and condenser respectively, into the detergent.  The 
mixture in the flask was then transferred to No. 1 sintered glass crucible (previously dried at 
500 C for 30 minutes and cooled in a desiccator). After cooling, the mixture in the flask was 
filtered by applying gentle suction using a vacuum pump. After the first suction, the mat of 
sample fibre in the crucible was then broken into small pieces using a glass rod, and then 
washed twice, by filling the crucible with very hot water (80 – 90 C) and repeating the 
filtration step. The washing and drying were also repeated twice using acetone, and then 
allowed to dry in a fume cupboard to remove the acetone. The acetone-free solid obtained was 
dried overnight at 100 C oven, then cooled in a desiccator and weighed. The crucible with its 
NDF content was afterward placed in a cool muffle furnace, and its temperature increased to 
500 C for 3 hours to ash the sample. This ashed sample was finally removed from the 
furnace, cooled in a desiccator and weighed to determine the % of NDF in the sample, and the 
% of ash in the NDF as follows: 
Neutral detergent fibre (%)
=  
Weight of fibre 
Weight of original sample
  x 100 
 
Equation 3.1 
Neutral detergent fibre (%)
=  
Weight of fibre 
Weight of original sample
  x 100 
Equation 3.2 
 
3.2.4.3 Estimation of hemicellulose using the Neutral Detergent Fibre Method 
(NDF) 




1. Neutral detergent solution: Prepared by dissolving 18.61 g disodium 
ethylenediaminetetraacetate, and 6.81 g of sodium borate decahydrate, in 200 ml of 
distilled water.  The mixture formed was then heated and stirred to dissolve all the 
solids.  About 200 ml of distilled water was added to 4.36 g of anhydrous disodium 
hydrogen phosphate which was placed in a separate beaker, and then heated to 
dissolve the salt. Both solutions were then mixed thoroughly, and the pH adjusted to 
range between 6.9 and 7.1. The volume of the mixture was then raised to one litre 
using distilled water. 
2. Acetone 
3. Anhydrous sodium sulfite 
4. Decahydronaphthalene (reagent grade) 
Procedure: 
About 1 g of powdered biomass from the air-dried sample (< 1 mm) was weighed into a 
beaker of a refluxing apparatus.  This was followed by the addition of 10 mL of cold 
neutral detergent solution, 2 mL of decahydronaphthalene, and 0.5 g sodium sulfite 
solution. The mixture produced was then heated for 5 – 10 minutes. Heating was reduced 
when the mixture started to boil, and that was done in order to avoid foaming. The 
contents in the beaker were refluxed for 60 minutes at boiling temperature, and then 
filtered through sintered glass (G-2), followed by washing with hot water. The residues in 
the sintered glass were further washed twice with acetone before being transferred to a 
weighed crucible and dried at 100 C for 12 hours. The crucible, together with its contents 
was then cooled in a desiccator and weighed to estimate the weight of its content. 
Hemicellulose = Neutral detergent fibre (NDF) – Acid detergent fibre (ADF) 
 
3.2.4.4 Estimation of Acid Detergent Fibre (ADF) 
The acid detergent fibre (ADF) contents of the biomass feedstocks, were determined using the 
following reagents: 
1. Acid detergent solution: Prepared by dissolving 20 g of Cetyl trimethyl ammonium 
bromide (CTAB) in 1 litre of 1N sulphuric acid. 




4. Sintered funnel (G-2) 
5. Round bottomed flask with refluxing apparatus 
6. Muffle furnace 
Procedure: 
About 1 g of powdered biomass from the air-dried sample (< 1 mm) was weighed into the 
beaker of the refluxing apparatus, followed by the addition of 100 mL of acid detergent 
solution.  The mixture was heated for 10 minutes, and then the heating was reduced as the 
mixture started to boil in order to prevent foaming.  Subsequently, the beaker was removed 
from the heater, cooled, and then its contents were filtered through a sintered funnel (G-2) on 
a filter manifold by suction.   The contents were again rinsed twice into the crucible with hot 
water, and then filtered. Furthermore, the washing of the contents of the crucible was carried 
out two more times with acetone, using the same procedure, until the filtrate became 
colourless. The crucible and its contents were then dried in a hot air oven at 100 C 
(overnight). After the drying, it was cooled in a desiccator and weighed. The percentage (%) 
acid detergent fibre was then calculated as shown in Equation 3-3. 
Acid detergent fibre (%) =  
Weight of the fibre
Weight of the sample
  x 100 
Equation 3-3 
3.2.4.5 Estimation of Acid Detergent Lignin (ADL) 
The acid detergent lignin (ADL) contents of the biomass feedstocks, were determined using 
the following reagents: 
1. 72% (w/v) H2SO4: Prepared by dissolving 583 mL of pure concentrated sulphuric acid 
in 417 mL of distilled water in a volumetric flask, with occasional stirring. The 
process was very hot and was cooled in a water bath. 
Procedure: 
The acid detergent lignin was determined by transferring the ADF to the sintered crucible, 
followed by addition of 50 ml of 72% H2SO4 (15 C) and stirring the mixture with a stirring 
rod to smooth the paste and break the lumps.   With the glass rod still left inside the 
volumetric flask to break the lumps, the flask was refilled with sulphuric acid and stirred 
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hourly as the acid drained away. The addition of acid was repeated twice, with the crucible 
temperature kept at 20 – 23 C for 3 h, and then the mixture was filtered to remove the acid. 
This was followed by washing the content with hot water until all the acids were washed out. 
The crucible was then dried in a hot air oven at 100 C overnight and weighed.  Afterward, the 
residue was placed in a muffle furnace at 550 C for 3 h, cooled and weighed to estimate the 
ADL as shown in Equation 3-4.    
Acid detergent lignin (ADL) % 
 
=  
Weight of crucible + lignin) − (Weight of crucible)
Weight of sample





The results obtained from the experiment described in Section 3.2.4.1, 3.2.4.2, 3.2.4.4, and 
3.2.4.5 are presented in Table 3-7.  
Table 3-7  Results from the determination of cellulose, hemicellulose and lignin contents in 






















Elephant grass 0.95 5% 86% 19% 67% 46% 7% 21% 40% 
Guinea grass 0.96 4% 93% 10% 73% 54% 10% 19% 44% 
Gamba grass 0.95 5% 96% 9% 70% 53% 10% 17% 43% 
NDF  = Hemicellulose + Cellulose + Lignin + Minerals 
ADF   = Cellulose + Lignin + Minerals 
Cellulose = ADF – Residue after extraction with 72% H2SO4 
Lignin  = Residue after extraction with 72% H2SO4 – Ash  
3.3 Seed sludge (reactor Inoculum) 
The fresh inoculum for AD reactors was collected from an active mesophilic anaerobic 
digestion plant used to co-digest cattle slurry and ryegrass at Cockle park farm in Newcastle 
upon Tyne. It was sieved using a 5 mm sieve to remove solid particles to make it 
homogeneous.  Degassing was carried out by incubating the inoculum at 37 °C, which was 
the operational temperature of the AD plant from which it was collected. The degassing 
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process was protracted for about 10 – 14 days until daily methane production was less than 
1% of the cumulative methane production was observed).  After the degassing, the inoculum 
was mixed with the substrates at various ratios and the biomethane production was 
determined in accordance with the procedure published in (VDI. 4630, 2006). 
3.4 Experimental Procedures 
3.4.1 Batch Reactors – Biomethane Potential (BMP) Assay  
All the BMP assays were performed in 500 ml reactor vessels and were carried out in 
triplicates for each condition tested, including blanks and controls.  After filling the reactors, 
they were flushed with N2/CO2 (80/20% as volume) for about 10 seconds to drive off 
ammonia and oxygen, and that kept the pH at neutrality and maintained anaerobic conditions 
inside the reactor vessels. Every flushed reactor vessel was immediately closed with a rubber 
stopper (Figure 3-4).  Different masses of biomass feedstocks were used in the BMP tests to 
ensure that the BMP was not underestimated due to potential inhibition from substrate 
overloading, with inoculum to feedstock ratios ranging from 6:1 – 2:1. 
 
Figure 3-4 Batch Experimental Setup used for the determination of the BMP of substrates  
A blank assay containing only inoculum and water was used to determine the background 
methane production from the inoculum, which was subtracted from the methane production 
obtained in the sample assays. Control assays using cellulose and acetate as substrates were 
also set up to confirm the viability of the inoculum. Mixing was carried out at least once a day 
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by swirling the reactor bottles for about 15 seconds. This helped to facilitate the contact 
between the bacteria and substrate, to prevent accumulation of substrates and intermediate 
products in the medium by providing homogenous conditions inside the reactors. The daily 
volumes of biogas produced were collected using the 1-litre Supel™-Inert Multi-Layer Foil 
Gas Sampling Bag with Thermogreen® LB-2 Septa equipped with Screw Cap Valve (SCV) 
purchased from Sigma-Aldrich UK. Each reactor was connected to its own gas sampling bags 
via a 6 mm PVC tube fitted with a clip and attached to a metal tube passing through the 
rubber bung that was used to as stopper for each reactor bottle.   
The biogas volumes produced by each reactor bottle were measured daily for periods ranging 
from 28 to 40 days, and their methane content determined using a Carlo Erba HRGC 5160 gas 
chromatograph equipped a flame ionization detector, an electron capture (ECD) detector, and 
an on-column MFC injector with a split/splitless controller. The GC was operated at oven 
temperature set at 150 C and utilized helium gas as the carrier gas. The injection of the 
biogas from the reactors into the GC was carried out following the procedure described in 
Section 3.4.2.  
3.4.2 GC method for Methane Analysis 
Methane analysis was conducted by injecting about 50µL, 40µ, 30µ, 20µ, and 10µ L volumes 
of a known standard calibration CH4 gas into the GC using a 100 µL SGE Gas Tight Syringe 
with Luer Lock which was purchased from Sigma-Aldrich, UK. The methane peaks were 
captured by an Atlas software (Fisher Scientific), and these were then plotted against the % 
CH4 content in each µL of standard injected in Microsoft Excel.  The straight-line graph from 
this plot produced the equation of a straight line:  A = mx+ c; where A represents the areas 
occupied the standard gas, while m and c are constants. This equation was then used to 
determine the concentration of methane in the biogas by substituting the area (A) in the 
equation with the area of the peak produced in the GC by the biogas from the reactors.  The 
percentage of methane was then established by finding the values of x from the equation 
above.  This percentage of methane was then multiplied by the total volume of biogas to 
determine the actual volume of methane gas produced. In order to achieve this, the normal 
volume of the gas was calculated using Equation 3-5 which included headspace correction 
and water vapour content to obtain the volume of CH4 in the dry state at STP as described in 












 volume of the dry gas in the normal state in Nm 
𝑉 volume of the gas in the gas bag in mL 
𝑝  pressure of the gas phase at the time of reading in hPa 
𝑝𝑤 Vapour pressure of the water corresponding to the ambient (room) temperature, in hPa 
𝑇0 Normal temperature, 𝑇0 = 273 K 
𝑃𝑜 Normal pressure, 𝑃𝑜 = 1013 hPa 
𝑇 Temperature of the biogas gas which is equivalent to the ambient room temperature in 
K at time of measurement. 
The methane content of the dry biogas volume obtained with Equation 3-5 was estimated 









𝑑𝑟𝑦 is the methane content (%) in the dry biogas 
𝐶𝐶𝐻4
𝑚𝑜𝑖𝑠𝑡 is the methane content (%) in the moist or raw biogas produced 
𝑝  is the pressure of the gas phase at the time of reading expressed in hPa   
𝑝𝑤 is the vapour pressure of water at ambient (room) temperature, see Annex A for the 
vapour pressure table 
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The biogas contents were also subjected to headspace correction using Equation 3-7 to 













𝑡𝑟   is the correct concentration of the biogas in the dry gas in % by volume 
𝐶𝑡𝑟    is the measured concentration of biogas component in the dry gas in % by volume 
𝑉𝐾    is the headspace volume, in mL 
𝑉𝐵    is the volume of biogas produced, in mL 
𝑡    time of measurement (𝑡2 > 𝑡1) 
 
The volumes of methane measured in the first 7 days were used to plot the experimental curve 
which was then used to define the hydrolysis constant for the first order hydrolysis model: 
𝑑𝑠
𝑑𝑡
=  −𝑘ℎ𝑆 
 
Equation 3-8 
where S is the biodegradable substrate, t the time and 𝑘ℎ the first order hydrolysis constant. 
From the experimental data, the value of the ultimate methane production and the methane 







where: 𝐵∞ is the cumulative 𝐶𝐻4 (ultimate) production at 7
th day, 𝐵 is the daily methane 
production within the reference time during which the hydrolytic constant was determined. 
See Annex A for a summary of the results from the BMP tests. 
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3.4.3 Kinetic analysis of BMP data 
This was carried out by modeling the cumulative methane volume produced using Gompertz 
Equation 3-12, to establish the relative biodegradability and the methane yield of each 
substrate and to see the difference in trends between the experimental data (Equation 3-10), 
and the values from a model equation using first order kinetics. The biodegradability 
constants, K was determined using Equation 3-11 while the Gompertz Equation 3-12 was 
used to determine other parameters. 
𝐵𝑀𝑃 =
𝑆𝑎𝑚𝑝𝑙𝑒 𝐶𝐻4 − 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝐶𝐻4
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 (𝑉𝑆)




𝑌(𝑡) = 𝑌𝑚 . (1 − 𝑒𝑥𝑝(−𝑘𝑡)𝑠 
 
Equation 3-11 
𝑀(𝑡) = 𝑃. 𝑒𝑥𝑝 {−𝑒𝑥𝑝 [
𝑅𝑚𝑎𝑥. 𝑒
𝑃




where Y (t) is the cumulative biomethane yield (L CH4) at a digestion time t (days), Ym is the 
maximum biomethane potential (L CH4. kg
-1 VS added. d-1) of substrate added, k is the decay 
constant (days-1) and it measures the rate of degradation. M (t) is the cumulative biomethane 
yield (L CH4. kg
-1VS) at a given time t (days).  P is the maximum biomethane potential (L 
CH4. kg
-1VS) of the substrate from the BMP test.  Rmax is the maximum biomethane 
production rate (L CH4. kg
-1VS added. d-1). ∆ the lag phase measure how long it takes (days) 
before the methane production starts to occur while R2 is a measure of the fitness of the 
biomethane curve on the kinetic model. 
3.5 Continuous stirred-tank reactors (CSTR) 
The CSTR consisted of six Quickfit® borosilicate culture vessels each of 5 litres capacity 
purchased from Sigma-Aldrich, United Kingdom. These vessels were covered with Quickfit® 
flat headplate which had parallel center joints, ST/NS: 19/26, and a 10° side socket joint 
vacuum adapter with screw-thread (ST) connector for flexible tubing. The headplate seal was 
made air-tight using a white silicone sealant and a high vacuum grease purchased from VWR 
UK.  Each reactor was also fitted with a 60 cm stainless steel stirring rob with 20 cm stirring 
bar passing through the center joint of the head plate with a water seal and clamped to a 
variable speed overhead stirrer engine, and each of the reactors was fully mixed by setting its 
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own overhead stirrer at the speed of 120 rpm. In the current study, different experiments were 
carried out with reactors working volumes ranging from 4 – 5 litres, feeding were also carried 
out at an OLR ranging from 1.0 to 2.0 kgVS.m-3.d-1), and a hydraulic retention time (HRT) 
ranging from 20 - 25 days. Except for the experiment with perennial ryegrass where the effect 
of discontinuous feeding and continuous daily feeding regimes was investigated, feeding of 
all the reactors was done once a day at approximately 24 h intervals throughout the study. The 
complete setup for the continuously stirred tank reactors (CSTR) is as shown in Figure 3-5.  
 
 
Figure 3-5  Continuously stirred tank reactors (CSTR) setup with tubing connected to gas 
sampling bag, a variable speed overhead stirrer engine with stirring rod passing through 
Quickfit® flat head plates parallel center joint, a 10° side socket joint vacuum adapter, black 
insulating mat, k-type thermocouple inserted into the reactor using a red coloured rubber 
bung, and a control box fitted with Sestos temperature controllers. 
Non-adhesive wire wound Silicon heating pads (190 x 415 mm, 230V), with 1M lead 
purchased from Holroyd Components Ltd United Kingdom, were used to provide heating for 
all the reactors. These heating pads were wrapped around the reactors by means of hooks and 
springs attached to them. A black insulating mat was also used to cover the heating pad in 
each of the reactors to minimize heat loss. The temperature inside each reactor vessel was 
monitored using a K-thermocouple probe on a Sestos temperature controller inserted into the 
reactor mixture, which controlled output to the heater pads. The pH inside the reactors was 
70 
  
also measured daily using a Thermo Scientific™ Orion Star™ A326 pH/Dissolved Oxygen 
Portable Multiparameter Meter. Physico-chemical parameters, such as: total solids (TS), 
volatile solids (VS), chemical oxygen demand, ammonium nitrogen (NH4
+-N), total Kjeldahl 
nitrogen (TKN), alkalinity and volatile acid concentrations were measured weekly according 
to standard methods (APHA., 2005). Stability of the process in terms of total volatile fatty 
acid (TVFA) to alkalinity (FOS: TAC) ratio was also determined as earlier described in 
Section 3.6.   
Daily biogas production from each reactor was collected using a 10 L Supel™-Inert Multi-
Layer Foil Gas Sampling Bag fitted with a Thermogreen® LB-2 Septa and a Push/Pull Lock 
Valve (PLV), which was connected to one of the outlets on the Quickfit® reactor’s head plate. 
The methane content (%) in the biogas was measured as described in Section 3.4.2.  
Monitoring and Analysis. A summary of all the operational parameters which were 
monitored, and the analytical procedures used are shown in Table 3-8. 
Table 3-8  Important parameters monitored during the anaerobic digestion processes in 
continuous reactors 
Parameter Units Test method Target Frequency 
Temperature °C Meter 36 - 38 °C Daily 
pH pH units 4500-H+ B, pH Meter 6.8 – 7.2 Daily 
Gas production Litres Gas Bags Variable Daily 
Gas composition  % Gas chromatograph 50 – 65% CH4 Daily 
Sample volume mL VDI 4630 200 – 250 mL Weekly  
Total solids % APHA 2540 B - Weekly 
Volatile solids % APHA 2540 B - Weekly 
Alkalinity  mg. L-1 APHA 23204 1500 – 5000 Weekly 
Volatile acids mg. L-1 APHA 5560 C 50 – 330 Weekly  
FOS:TAC ratio Nil Calculated 0.1 - 0.2 Weekly 
Organic loading 
rate  
g.L-1. d-1 Measuring cylinder 1 – 2g VS. L-1. d-1 Daily 



















VD I = in Germany Verein Deutscher Ingenieure (VDI. 4630, 2006)  
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FOS = in German Fluchtige Organische Säuren (TVFA expressed in mg HAc.L-1) 
TVFA = Total volatile fatty acid concentration 
HAc = Acetic acid equivalent, 
TAC = in German Totales Anorganisches Carbonate (total alkalinity buffer  
            expressed as mg.L-1 of CaCO3. 
APHA = American Public Health Association, USA (APHA, 2005 #2467).  
 
The destruction/reduction of volatile solids in the reactors was estimated using Equation 3-13. 
𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑠𝑜𝑙𝑖𝑑𝑠 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) =  




where 𝑉𝑆𝑖𝑛 represents the percentage of VS in the feed going into the reactor and 𝑉𝑆𝑜𝑢𝑡 
represents the percentage of volatile solids in samples taken from the AD reactor. VS 
measurement was carried out following the standard method mentioned in Table 3-8. 
 
3.6 Stability of the AD process 
3.6.1 Determination of Total volatile acid (FOS) and Total Alkalinity (TAC) ratio 
The stability of anaerobic digestion process was determined by the ratio of the volatile fatty 
acids (VFA) to the alkalinity otherwise known as Ripley ratio , IA/PA ratio, VFA/bicarbonate 
ratio or FOS:TAC ratio (Lossie & Pütz, 2008; Shetty et al., 2017). This was measured by 
titration as described by Lossie and Pütz (2008) and Federation (2007), which involved a two-
stage titration during which the values of the bicarbonate alkalinity and the alkalinity due to 
volatile acids were estimated as follows: 
• titration up to pH 5.75: the first stage of titration provides the partial alkalinity (PA), 
practically equivalent to the bicarbonate alkalinity 
• titration up to pH 4.3: the second stage of titration provides the intermediate alkalinity 
(IA), practically equivalent to the alkalinity of the volatile acids. 
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BA            = [TA − (0.85 x 0.83 x TVA)] 
= TA − 0.71 x TVA 
Equation 3-14 
where: 
BA   = bicarbonate alkalinity (as mgCaCO3.L
-1), TA   = total alkalinity (as 
mgCaCO3.L
-1), VFA = concentration of volatile fatty acids (as mg acetic acid.L-1), 0.85= 
correction factor that considers 85% of ionization of the acids to the titration endpoint, and 
0.83 = correction factor from acetic acid into alkalinity.  The results from the estimation of 
FOS:TAC ratio (Table 3-9) were then used to determine the correct amount of buffering agent 
(bicarbonate) to dose into the reactor to maintain optimum buffering capacity within the 
digester. 
Table 3-9  Ripley ratio, FOS:TAC ratio, intermediate alkalinity (IA) : partial alkalinity (PA) 
ratio or Volatile acids and alkalinity ratio (Andreoli et al., 2007) 
FOS: TAC Indication Action to be taken 
> 0.6 Excessive organic load Stop feeding the reactors 
0.5 – 0.6 High organic load Reduce feedstock input 
0.4 – 0.5 The AD reactor is at the limit Monitor the reactors carefully 
0.3 – 0.4 Ideal condition for biogas production Keep feedstock input constant 
0.2 – 0.3 Insufficient organic load (under-fed 
reactors) 
Increase the feedstock input 
gradually 
<0.2 Extremely low organic load Increase feedstock input quickly 
 
3.7 Data analysis 
The data obtained from the current study were analyzed using the statistical packages SPSS 
version 17.0, Microsoft Excel 2016 (Microsoft Corporation, USA). Kinetic models which 
were used to predict the expected results, degradation constants and hydrolysis rates were 
carried out by fitting the experimental data on the Gompertz equation using the curve fitting 
tools in MATLAB R2016a. All analyses were based on a 5% statistical significance level for 
all parameters tested, and results are presented within ± 2 S.D. Correlation and regression 
analysis, analysis of variance paired samples T-tests (2- tailed), etc. were also used to 
determine the statistical significance of the differences between the mean values of the results 
obtained from different experiments carried out in the current study. 
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Chapter 4 Effect of feeding interval, operating temperature, organic 
loading rate and pH on the SMP and VMP of CSTR fed with a grass 
silage mixture of perennial ryegrass, clover and Timothy grass as 
feedstock 
ABSTRACT 
A mixture of grasses consisting of perennial ryegrass, clover and timothy grass which were 
co-cultivated was used for the current study. The experimental set up consisted of six 
anaerobic continuously stirred tank reactors (CSTR) assembled in three pairs as follows: 
psychrophilic (Pair 1), mesophilic (Pair 2), and thermophilic (Pair 3). A near-neutral pH 6.8 – 
7.2 was maintained in all the reactors using a 1N ammonium bicarbonate solution. All the 
CSTR were acclimatized for 7 days (day 1 – 7). The period of irregular daily feeding intervals 
lasted from day 8 – 93, whereas regular daily feeding lasted from day 104 – 140. The organic 
loading rates (OLR) used from day 1 – 7, 8 – 56, 57 – 93 and 109 – 120 were 1.48, 1.0, 1.5 
and 1.5 gVS.L-1.d-1, respectively. All the CSTR were operated at a hydraulic residence time, 
HRT of 20 days. During the period of regular daily feeding intervals (day 104 – 140), the pH 
of all the CSTR was maintained at the near-neutral range with biomass ash-extracts 
supplement. The results obtained showed that the mean SMP from the Pair 1, Pair 2 and Pair 
3 reactor measured at 33-day intervals, calculated from day 25 -58 (irregular feeding 
intervals) were 294.5, 433.5 and 370.2, N mL CH4.g
-1VS added.d-1, respectively.  Similarly, 
the SMP of all the paired reactors from day 60 – 93 (failing state) were 140, 273.8 and 231.1 
N mL CH4.g
-1VS added.d-1 respectively; while from 109 – 120 (regular feeding 
intervals/recovery), the SMP from the Pair 1, Pair 2 and Pair 3 reactors were also 185.1, 160.8 
and 318.2, N mL CH4.g
-1VS added.d-1 respectively.  None achieved steady-state conditions 
which suggest that the application of irregular daily feeding intervals in feeding AD reactors 
is not likely an effective practice for achieving sustainable biogas production in a long run. 
The addition of NH4HCO3 as supplement provided a good buffering condition in the digestion 
process, but later it led to a souring problem, probably due to the accumulation of excess 
ammonia, ammonia inhibition, and then a subsequent decrease in pH and gas production, and 
acidification. However, the addition of ash-extracts prepared from agricultural biomass waste 
was shown to enhance the recovery of the failed AD reactors due to its richness in essential 
trace element and high alkalinity content, both of which are necessary for optimal bacterial 
growth.    
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Keywords— Anaerobic digestion, discontinuous feeding, Perennial ryegrass, Specific 
Methane Production, supplements, temperature 
Objectives 
The objectives of the current study were: 
1. To compare the effects feeding interval on the specific methane production (SMP) and 
volumetric methane production (VMP) of CSTR during the anaerobic digestion of 
grass silage. 
2. To investigate psychrophilic anaerobic digestion of grass silage as a sustainable and 
affordable process in developing countries  
3. To assess the effects of organic loading rate on the SMP from grass silage at 
psychrophilic, mesophilic and thermophilic temperatures. 
4. To compare the recovery rates of psychrophilic, thermophilic and mesophilic CSTR 















4.1 Materials and methods 
The materials and methods used in this study are summarized in Table 4-1 while the 
characteristics of the biomass feedstock and inoculum are presented in Table 4-2. The 
reagents added to all the reactors as supplements during the irregular daily feeding intervals 
and regular daily feeding intervals were ammonium bicarbonate (NH4HCO3) (BioUltra grade, 
Sigma-Aldrich, UK), and empty palm bunch ash-extract (Table 3-2).   
Table 4-1  Summary of the materials and methods  
Material  Source/Description 
Inoculum  
Mixture of perennial 
Ryegrass, White 
Clover & Timothy 
Cockle Park farm, Morpeth, UK 
Preparation: Spread and dried at room temperature for 4 weeks, ground 
and sieved to < 1mm and stored in an air-tight container at 4 °C prior 
to use. See Chapter 3, Table 3-1 for results obtained from the 
physicochemical analysis of the grass silages. 
CSTR  Setup: See the procedure described in Section 3.5 
Feeding plan Once daily at irregular (discontinuous) feeding intervals.  
Organic loading rate 
(OLR) 
1.48 gVS.L-1. d-1 (day 1 - 7) acclimatization 
1.00 gVS.L-1. d-1 (day 8 – 56) irregular feeding interval 
1.50 gVS.L-1. d-1 (day 57 – 93) irregular feeding interval 
1.50 gVS.L-1. d-1 (104 – 109) regular feeding without supplementation 
1.50 gVS.L-1. d-1 (110 – 125) regular feeding with supplementation 




Table 4-2  Characteristics o the biomass feedstock and inoculum 
Analysis  Abbreviation Inoculum Feedstock 
Moisture content (%) MC  87% 7 
Total solids (%) TS  1% 93 
Volatile solids (% in TS) VS 61% 79 
pH value pH 7.8 x 
Chemical oxygen demand (mg L-1) COD 14,333.3 x 
Total Kjeldahl Nitrogen (mg L-1) TKN 2,415 x 
Ammonium nitrogen (mg L-1) NH4+ - N 2,016 0.84 
Alkalinity (mg CaCO3 L-1) TAC 19,550 x 
Carbon (%) C x 43.6 
Hydrogen (%) H x 6.1 
Nitrogen (%) N x 3.09 
Oxygen (%) O x 34.8 
Sulphur (%) S x 0.29 
Carbon to nitrogen ratio C: N X 25:1 
Lipids (%)  x 2.4 
 
The physicochemical parameters monitored and analyzed, as well as their test procedures and 
sampling frequencies are presented in Table 3-8. Similarly, the CSTR used for the current 
study were grouped in pairs as shown in Table 4-3. 
 Table 4-3   Summary of CSTR operating conditions 
Reactors name Composition Temperature 
Pair 1 R1 and R2 Psychrophilic (25 ± 2 °C),  
Pair 2 R3 and R4 Mesophilic (40 ± 3 °C)  
Pair 3 R5 and R6 Thermophilic (60 ± 2.5 °C) 
 
All the reactors were fed once per day throughout the experiment. During the periods of 
irregular daily feeding intervals, the time difference between each feed were less than 11 
hours, whereas as other times, the time difference were over 30 hours.  However, during the 
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period of regular daily feeding, the reactors were also fed once per day, but at 24 ± 1 hourly 
intervals. 
4.2 Results and discussion 
4.2.1 Operational parameters 
4.2.1.1 Effects of temperature and pH 
The mean temperatures of Pair 1, Pair 2 and Pair 3 reactors were 25 ± 2 °C, 40 ± 3 °C, and 60 
± 2.5 °C, respectively.  This implies that temperature variations recorded in all the reactors 
deviated from mean values approximately by ± 3°C/day, which is higher than the maximum 
temperature variation of ±1 °C/day recommended for anaerobic digestion plants in order to 
maintain stability (Grady Jr, 2011). However, these variations in temperature did not result to 
any noticeable negative effect on the performances of the reactors, especially the Pair 2 
(mesophilic) CSTR. That is, despite temperature  variations, overall, the Pair 2 reactors 
performed better than the Pair 1 and Pair 3 CSTR both in terms of stability and methane 
production. This better performance achieved by Pair 2 reactors agrees with Shah (2014) and 
Harzevili and Hiligsmann (2017), who reported that mesophilic bacteria can tolerate 
temperature fluctuations within ± 3 C without significant variation in methane production. 
The pH inside the AD reactors is another important parameter that was monitored in the 
current study because previous studies have shown that any deviation from optimum mean pH 
6.8 – 7.4 can substantially affect AD digesters performance by decreasing the bacterial growth 
and the activity of the anaerobic microbes, which can lead to a considerable reduction in daily 
biogas production and digester failure (Andreoli, 2007; Grady Jr, 2011). The decision to 
maintain pH of the CSTR within the optimum range was necessary because studies have also 
shown that operating AD reactors around pH 7.0 – 7.2 enhances the activities of the 
methanogenic bacteria (Andreoli, 2007; Hobson et al., 1981).  The summary of the statistical 
comparison of the mean values of the pH in each pair of CSTR condition from day 1 – 140 
are presented in Table 4-4.  
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Table 4-4   Comparison of the pH in the Pair 1, Pair 2 and Pair 3 reactors  
Descriptive 
Statistics 
Pair 1 Pair 2 Pair 3 
Psychrophilic  
(25 ± 1 °C)  
Mesophilic  
(40 ±1 °C) 
Thermophilic  
(60 ± 1°C) 
Mean 7.01 7.11 7.22 
Mode  7.05 7.160a 7.18 
Std. Deviation 0.74 0.76 0.78 
Maximum 7.58 7.71 7.84 
 
Table 4-4 suggests that the mean pH of all the CSTR was within the desired optimum range, 
remaining near neutral possibly due to daily supplementation of all the reactors with the 
ammonium bicarbonate solution. However, this was not true during the AD process failure, 
phase B (Figure 4-10 and Figure 4-12) during which even the addition of NH4CO3 could not 
prevent the reactors from failing due to rapid consumption of alkalinity by high concentration 
of VFA (Figure 4-6) which caused the pH to fall below pH 6 (Figure 4-1). The changes in the 







Figure 4-1  Mean pH values inside the Pair 1, Pair 2 and Pair 3 reactors. Details of the feeding 
phase are presented in Figure 4-4.  
However, with the addition of NH4HCO3 supplements to all the CSTR (Figure 4-1), it was 
found that the stability of the pH values, or the ability of the CSTR to retain pH after 
supplementation, increased with temperature. Since research has shown that pH shows the 
alkalinity situation in the AD reactors de Lemos Chernicharo (2007), then it is possible that 
these behaviours of pH in Pair 1, Pair 2 and Pair 3  reactors during their supplementation with 
equal amount of NH4HCO3 indicate that the ability of the CSTR to retain alkalinity is directly 
proportional to operating temperature, which could be mathematically expressed as shown in 
Equation 4-1. 
𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦 (𝐴𝑙𝑘) = 𝑘 𝑇 (°𝐶) Equation 4-1  
where k is a constant of proportionality which may be influenced by the concentration of 
volatile solids and concentration of supplements added to the CSTR. 
Thus, operating AD reactors at low temperatures as in the case of Pair 1 reactors would 
necessitate more expenditure on supplementation to minimize the accumulation of VFA 
which acidifies the CSTR causing it to fail. This explains why an extra volume of the 
ammonium bicarbonate supplement was required to maintain adequate pH in the Pair 1 
reactors, compared to Pair 2 and Pair 3 reactors. Although ammonium bicarbonate was used 
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as a supplement in the current study, however, de Lemos Chernicharo (2007) noted that the 
high cost of the reagent is a major impediment to its use as AD process supplements. Contrary 
to expectations, souring still occurs in all the reactors from day 70 despite supplementation of 
ammonium bicarbonate. This instability problem in all the CSTR was likely not only due to 
discontinuous/irregular feeding, but also due to an increase in the OLR from 1.0 to 1.5 gVS.L-
1.d-1 on day 57, which increased instability and souring in the reactor due to overloading 
(Figure 4-10). This was followed by rapid acidification in all the reactors due to increases in 
VFA concentrations (Table 4-6), emission of pungent odour from both the reactors and the 
biogas, and daily decrease in volumetric biogas production and methane contents, which are 
all signs of overloading (Figure 4-10). These results also agree with that of Kim et al. (2002) 
who during a study comparing the performances and stability of mesophilic and thermophilic 
AD reactors found that increasing OLR stimulated acidogenesis in the reactors leading to the 
production of more VFA and H+ which cause the AD reactors to fail due to pH<5. 
4.2.2 OLR and VS destruction 
During the period of acclimatization (day 1 – 7),  there was a substantial drop in pH of the 
reactors from 7.84 to 6.8, probably due to the rapid consumption of alkalinity by the slightly 
acidic biomass feedstock that was fed to the reactors. This situation was controlled by dosing 
ammonium bicarbonate solution to restore the pH to the range of 6.8 – 7.2, and then reducing 
the daily feeding as described in section 4.1. The volatile solids destruction of the reactors 
varied from 27% to 82.52% across the reactors, with a mean of 61.9, 68.5 and 63.5% for Pair 
1, Pair 2 and Pair 3 reactors, respectively (Figure 4-2). The percentage destruction of volatile 
solids (VS) was directly proportional to the amount of biogas produced (Figure 4-9), but 
inversely proportional to the OLR.  The extent of destruction of VS in the digesters also 
varied with the time of feeding and sampling of the reactors. Thus, due to the irregular daily 
feeding pattern adopted for the study, higher VS destruction was recorded at longer feeding 
intervals, that is when feeding times was over a 24 h interval, while lower destruction was 





Figure 4-2  Volatile solids (VS) reduction (%) in Pair 1, Pair 2 and Pair 3 reactors. Details of 
the feeding phases are presented in Figure 4-4. 
Lower intervals between feeding times resulted in the accumulation of VS inside the reactors 
which led to the problem of overload at different times, especially from day 57 when OLR 
was increased (Table 4-1), frequent pH drops (Figure 4-1), and instability during the study.  
This result agrees with Holland (2013), who reported that overloading an AD digester with 
excessive feed leads to the faster production of VFA at a rate which exceeds that which the 
methanogens can convert to methane gas.  Such situation can lead to the accumulation of 
unconverted VFAs leading to the acidification of the digesters, a fall in pH to a value < 6, and 
can result in the death of methanogenic archaea and total process failure. The thermophilic 
anaerobic digesters, Pair 3 showed good volatile solids destruction rates, which were higher 
than that of the Pair 1 (psychrophilic) reactors, but comparable to that of the Pair 2 
(mesophilic) reactors.   
4.2.3 Variation of ammonium nitrogen, TKN nitrogen, and COD 
Ammonium ion (NH4
+) is an essential source of nitrogen nutrient needed by bacteria for their 
metabolism.  However, at high pH, most of the NH4
+ converts to free ammonia which is toxic 
to methane-forming bacteria (de Lemos Chernicharo, 2007; Gerardi, 2003; Jha & Schmidt, 
2017). In the current study, the mean concentration of ammoniacal nitrogen/ammonia during 
start-up was 2,618 mg.L-1 due to the high ammonia content of the cattle slurry component of 
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the inoculum used. However, this concentration decreased continuously over time in all 
reactors as shown in Figure 4-3 until over 80% of the original concentration had been washed 
out.  According to Gerardi (2003), ammoniacal-nitrogen (NH4
+) in an AD digester in the 
range of 50-200 mg.L-1 has a beneficial effect, when present at the range of 200 - 1000 mg.L-
1, ammonia–N has no adverse effect on the AD process. However, it was reported that 
ammonia –N concentration ranging from 1500 – 3000 mg.L-1 has inhibitory effect at pH level 
over 7.4, and at such toxic concentration, biogas production is reduced (Wellinger, 2013). 
 
Figure 4-3  Mean concentration of ammonium-N (NH4
+-N) in Pair 1, Pair 2 and Pair 3 
reactors over time 
One major issue with the Pair 1 reactors was that being low-temperature reactors, they had 
high ammonia–N concentration which is a problem due to potential inhibitory characteristics 
of ammonia when present at high concentrations.  The mesophilic reactors (Pair 2) which had 
the lowest ammonia–N concentration, performed better than both Pair 1 and Pair 3 reactors.  
The concentration of ammonia–N in the thermophilic rectors (Pair 3), was just slightly higher 
than that of the mesophilic reactors.  The higher concentration in the thermophilic reactors 
was expected because Engineers (2008) had earlier stated that among the different types of 
ammonia compounds present, that ammonium bicarbonate is the most sparingly soluble in 
water, and that its solubility increases with temperature as shown in Table 4-5. 
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Table 4-5  Solubility of ammonium bicarbonate at different temperatures (Engineers, 2008) 
Temperature (C) 0 10 20 30 40 50 60 
Solubility (%) 10.6 13.9 17.8 22.1 26.8 31.6 37.2 
 
In agreement with Engineers (2008), Shah (2014) also stated that ammonia toxicity increases 
with temperature and that thermophilic processes are more susceptible to ammonia inhibition 
at ammonia concentration > 80 mg/L. 
A previous study by Jha and Schmidt (2017), also found that lower inhibitory effect of 
ammonia occurred at mesophilic compared to the thermophilic temperatures. In another study, 
Paul and Dutta (2018) showed that AD plant operated at thermophilic temperatures are more 
prone to failure especially at pH >7.4 due to free ammonia inhibition because the release of 
free ammonia increases with the temperature of the anaerobic digestion process.  This release 
of ammonia at a higher temperature may be due to volatilization or stripping of the ammonia 
molecules. 
Furthermore, the results from the analysis of the total Kjeldahl nitrogen (TKN) and organic 
nitrogen concentrations in the reactors presented in Figure 4-4, shows that the TKN in the Pair 
1, 2 and 3 reactors decreased from 2,588 – 1,218 mg.L-1; 2,501 – 696.5 mg.L-1 and 2,257.1 – 
735 mg.L-1 respectively.  The organic–N contents in the three Pairs of reactors also decreased 
from 903.6 – 105 mg.L-1; 770 – 178.5 mg.L-1 and 567 – 144.7 mg.L-1 for the Pair1, 2 and 3 
reactors respectively.  From the data, it is apparent that the concentration of both the TKN and 
organic–N recorded in all the reactors were far lower compared to the results obtained from 
other experiments carried out in the current study using different grass silages (Section 6.2.2) 





Figure 4-4  Mean concentration of total Kjeldahl-N (TKN) and organic nitrogen in Pair 1, Pair 
2 and Pair 3 reactors over time 
The higher concentration of the organic nitrogen in Pair 1 reactors led to suboptimal biogas 
production  (Figure 4-9, Figure 4-11 and Figure 4-12), and this could be because the daily 
addition of ammonia bicarbonate introduced a high organic nitrogen contents in the reactors 
which led to the release of free ammonia at inhibitory concentrations. The presence of high 
concentration of free ammonia in AD reactors inhibits the methanogenic activities by 
increasing the energy required for their maintenance, alters their intracellular pH, decreases in 
their intracellular potassium contents and inhibits the specific enzymatic reactions of the 
archaea methanogens (Zhu, 2017). 
The boxplot (Figure 4-5) represents the variability in the total chemical oxygen demand in all 
the AD reactors. The total concentration of the chemical oxygen demand (CODT) in the 
reactors showed an increasing pattern from day 1 – 7 because of the daily loading of the 
reactors with biomass feedstocks without any removal (Figure 4-4).  This corresponds to the 
period of initial VFA accumulation during the acclimatization period.  However, from day 8 
onwards, a higher CODT reduction occurred when feeding was delayed beyond 24 h, and that 
statistically correlated with the methane production (R2 = 0.79) (Figure 4-11). Thus, reduction 
in CODT removal (Figure 4-5) corresponded with a reduction in VS removal (Figure 4-2), 
from the digesters, and that was predominant in the Pair 1 reactors (psychrophilic), and 
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especially during very close feeding intervals during the irregular daily feeding process. From 
Figure 4-5, it is clear that the mean concentration of CODT in all the reactors was increased 
from the 1st quartile (25% percentile) to the 3rd quartile (75% percentile) with their medians 
all within the 1st quartile. The outliers represent values of CODs high than expected in the 
reactors correspond to the periods of high operational instability due to increasing 
concentrations of VS and high CODT in the Pair 1 (psychrophilic) and Pair 3 (thermophilic 
reactors). 
 
Figure 4-5  Comparison of mean CODT variation in the Pair 1, Pair 2 and Pair 3 reactors from 
day 8 – 85 
One other major observation from these reactors was that their CODT removal was directly 
proportional to the operating temperatures, which was why more CODT removal was recorded 
in the thermophilic (Pair 3) reactors (Figure 4-5). Statistically, the Tukey’s one-way Post Hoc 
Multiple Comparisons ANOVA which was used to compare the CODT data from the 
psychrophilic, mesophilic and thermophilic reactors, with an assumption of equal variances, 
equally showed that the mean difference in the value of the CODT between each pair of 
reactor conditions was significant at 0.05 level. This further validates the earlier observation 




4.2.4 Volatile fatty acid inhibition and alkalinity 
The formation of VFA in the AD is regarded as one of the most important parameters for 
monitoring the performance of the digestion process due to their inhibitory effects when 
present in undissociated states or at high concentrations (Harzevili & Hiligsmann, 2017; 
Stronach et al., 2012), and Sawyer et al, (2003) as quoted in (Khanal, 2011a) reported that the 
value VFA often ranges between 50 – 250 mg HAc.L-1 in a healthy anaerobic system. In the 
current study, the concentration of VFAs observed in the reactors increased in the order: 
acetate>propionate> butyrate> isobutyrate> isovalerate> formate, from day 1 – 140.   This 
shows that acetate had the highest concentration while the formate had the lowest 
concentration among the VFA produced in all the reactors during this study.  However, the 
concentration of formate was so low and was only detected in the thermophilic reactors (Pair 
3), just after failure (Table 4-6).  The VFA profiles for Pair 1, Pair 2 and Pair 3 reactors are 
shown in Figure 4-6.  
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   1 
Figure 4-6  Volatile fatty acid concentrations in Pair 1, Pair 2 and Pair 3 reactors. Acetate (red), butyrate (black), formate (purple), isobutyrate (ash), 2 
isovalerate (yellow) and propionate (dark red),  Refer to Table 4-1 for details of the organic loading rates and the corresponding days.3 
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From the graphs in Figure 4-6, the irregular daily feeding contributed to instability during the 
AD process which is evident from the intermittent accumulation of VFA from the startup, 
especially in the psychrophilic reactors (Pair 1) and reactor R6 (Pair 3). The results also show 
that increasing the organic loading rate from 1. 0 to 1.5 g VS.L-1.d-1 brought about a rapid 
increase in VFA accumulation on day 56.  However, with the regular use of ammonium 
bicarbonate to buffer the reactors, no detrimental effect was observed on the methane 
production at this point. However, on day 56, the Pair 2 (mesophilic reactors) had 
accumulated high concentrations of VFA > 1,500 mg HAc.L-1 despite the addition of the 
bicarbonate alkalinity. The other two pairs of reactors started producing biogas with a pungent 
odour, due to the accumulation of very high concentrations of VFA. The highest 
concentrations of VFA recorded in the reactors are shown in Table 4-6. 
Table 4-6 Maximum concentrations of VFAs detected in the Pair 1, Pair 2 and Pair 3 reactors 
during the period of instability in the AD reactors (day 55 – 140) 
 Anaerobic 
CSTR 
Concentration (mg. L-1) 
 Acetate Butyrate  Formate Isobutyrate  Isovalerate  Propionate 
Pair1 
R1 4170.1 727.7 0 473.0 162.7 2288.5 
R2 2636.2 685.3 117.8 476.3 171.2 1971.4 
Pair 2 
R3 4121.9 201.0 0 192.6 102.2 1098.6 
R4 5944.3 230.6 0 218.2 338.8 1256.4 
Pair 3 
R5 4016.5 147.2 22.8 254.8 138.1 1151.5 
R6 1782.5 210.1 45.1 237.2 134.8 1249.1 
 
Figure 4-5 and Table 4-6 show that the peak concentrations of acetate were highest followed 
by propionate and then butyrate. However, research has shown that acetate is the least toxic 
VFA produced during the AD process, and that propionate at a concentration > 3000 mg.L-1, 
can inhibit AD processes adversely, and could lead to the process failure, unless an inoculum 
was previously acclimatized to these high concentrations (Stronach et al., 2012). Khanal 
(2011a)  also reported that VFA concentrations above 2,000 mg HAc.L-1 inhibit the 
89 
 
methanogens.  Propionate inhibition occurring in AD reactors when detected at a 
concentration ranging between 1000 – 5000 mg.L-1 has also been recorded (Stronach et al., 
2012), according to (Vertes et al., 2011), propionate can inhibit archaea methanogens even at 
neutral pH. 
Although acetate is presumed to be the least toxic VFA to AD processes, high concentrations 
of acetate reduce the buffering capacity of the digesting sludge which causes the pH to drop 
(souring) (Holland, 2013), and indicates the failure of acetoclastic methanogenesis (Grady Jr, 
2011; Stronach et al., 2012).  Propionate, iso-butyrate, and valerate have also been reported to 
be the most significant volatile fatty acids that are affected by ammonia inhibition (Shi et al., 
2017).  According to Wheatley et al. (1997), when there is shock load during the operation of 
AD reactors, there is high potential for disruption to occur because the growth rate of the acid-
forming bacteria is more rapid than that of the methanogenic archaea, and that can result in an 
increase in acid concentration, reduction in alkalinity and changes in biogas composition. To 
prevent process upset occurring during AD operation, Wheatley et al. (1997) also stated that it 
is better to separate the acidogenic and the methanogenic stages of the process in two different 
reactors (2-stage system) to enable the acidogenic reactor to act as the buffering tank which 
helps prevent possible shock in the methanogenic reactor. Process upset, or shock can also be 
prevented from occurring during AD process by ensuring that adequate amount of alkalinity is 
present in the reactors. 
The recommended range of alkalinity in the AD is 4000 - 5000 mg.L-1 CaCO3 (Andreoli, 
2007). However, the mean alkalinity in the reactors ranges from 3,537.5 – 9,775 mg.L-1 
CaCO3 with a mean of 8,311 mg.L
-1 CaCO3 for pair 1 reactor; 4,787.5 – 8,050 mg.L
-1 CaCO3 
with a mean of 5,717.2 mg.L-1 CaCO3 with a mean of 3,971.9 mg.L
-1 CaCO3 for pair 2 
reactors, and 2,712.5 – 5,700 mg.L-1 CaCO3 with a mean of 3,972 mg.L
-1 CaCO3 for pair 3 
reactors. Thus, these results show that in the current study, the ammonium bicarbonate 







Figure 4-7  Mean concentration of alkalinity in the reactor: Pair 1 (black lines), Pair 2 (blue 
lines) and Pair 3 (red lines), and the mean total volatile fatty acid to total alkalinity (FOS: 
TAC) ratio over time 
 Achieving adequate alkalinity inside the reactors was further verified from the FOS:TAC 
ratio, based on the normal FOS:TAC ratios of AD reactors published by Lossie and Pütz 
(2008) using titration method (Section 3.6.1). The results in Figure 4-7 show that the mean 
FOS:TAC ratio in the reactors ranged from 0.2 – 0.3: 1 for the psychrophilic reactors; 0.2 - 
0.4: 1 for both the mesophilic and thermophilic reactors. The information from the FOS:TAC 
ratio suggests that none of the reactors was overloaded between day 0 – 40.  However, due to 
the accumulation of VFA, the FOS:TAC ratio started to increase which indicated that failure 
of the digesters was imminent.  Statistically, there was a strong correlation (R2 = 0.98) 
between the alkalinity within the Pair 1 (R1 and R2), the Pair 2 (R3 and R4), R2 = 0.82 and 
the Pair 3 (R5 and R6), R2 = 0.84, with no significant difference observed in the variation of 
alkalinity in reactors operated under the same conditions (p > 0.05), except for the 
thermophilic reactors (p < 0.05) which suffered temperature controller failure that led to VFA 
accumulation.  
4.2.5 Propionate-to-acetate ratio 
The propionate-to-acetate (P: A) ratio inside an AD reactor provides useful information about 
the condition of the digestion process. Studies have shown that AD process failure occurs at 
P:A ratio > 1 (Nigam & Pandey, 2009; Shah, 2014). The P:A ratio recorded in the Pair 2 
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(mesophilic reactors during normal discontinuous operation were effectively lower than that 
those of their psychrophilic and thermophilic counterpart during the period of discontinuous 
feeding condition (day 25 – 58) with only exception of day 47 when VFA in all the reactor 
(Pair 1, Pair 2 and Pair 3) increased to P:A ratios > 1:4 due power cut which led to thermal 
and overloading shock in all the reactors.  The problem of excessive P:A ratio was resolved 
by suspending feeding for 3 days (day 59 – 61), while continuing bicarbonate 
supplementation and that effectively reduced the concentrations of VFA to zero around day 
62 as shown in Figure 4-8.   
 
Figure 4-8  Stability check using propionate: acetate (P: A) ratios in the Pair 1, Pair 2 and Pair 
3 reactors. Details of feeding regimes are presented in Table 4-1 and Figure 4-7. 
However, the P:A ratio of reactor R6 in Pair 3 also increased to 1:4.5 which made it very 
unstable. However, with the dosing of ammonium bicarbonate, the value of P:A ratio in the 
reactor reduced to 1:1.4 on day 64 and < 1: 0.05 thereafter. However, after all the reactors had 
failed, and began to recover (day 105 - 140), due to the addition of supplement from empty 
palm bunch ash, only the thermophilic reactors, R5 and R6 showed a slightly better stability, 
based on P:A ratio, compared to Pair 1 and Pair 2 reactors. The reactor R2 was the only stable 
reactor between day 105 – 119, while the other reactors showed higher P: A > 1:1, especially 
for R3 and R4.  The overall results obtained from the analysis of the reactors stability in terms 
of their P:A ratios, suggest that shorter feeding intervals during the irregular daily feeding 
practice adopted for the study enhanced acidogenesis by the acidogens due to their rapid rate 
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of reproduction causing pH to drop due to VFA remaining unconverted to methane by the 
final stage of the AD process.  
4.3 Effect of temperature on biogas production 
4.3.1 Overall biogas production (day 1 - 140)  
The mean specific biogas production (SBP) in the Pair 1, Pair 2 and Pair 3 CSTR from day 1 - 
140 were 345.5, 619.1 and 599.8 N mL biogas g-1VS added.d-1 respectively, while the mean 
volumetric biogas production (VBP) was 164.7, 267.2 L and 216 mL CH4.g
-1VS added.d-1, 
respectively as shown in Figure 4-9.  Overall, the cumulative SBP from the Pair 1, Pair 2 and 
Pair 3 reactors were 26,605.1, 47,672.0 and 46,187.7 mL biogas respectively, while the 
cumulative volumetric biogas production from the reactors were also 32,512.9; 59,634.0 and 
59,411.1 mL biogas, respectively (Figure 4-9). 
 
Figure 4-9  Cumulative mean specific biogas production (SBP), cumulative mean volumetric 
biogas production (VBP) and mean methane contents (%) in biogas from the Pair 1, Pair 2 
and Pair 3 reactors. The composition of the Pair 1, Pair 2 and Pair 3 reactors defined in Table 
4-3. Point P and Q (day 93 – 103) represents a period of break in the feeding due to the failure 




These results show that overall, the SBP from each of the Pair 2 (mesophilic) and Pair 3 
(thermophilic) reactors were 45% higher that than that of the Pair 1 (psychrophilic reactors).  
However, the SBP from the Pair 2 and Pair 3 reactors were almost the same (Figure 4-9). The 
results also show that the mean VBP of the Pair 2 and Pair 3 reactors were 44 and 42% 
respectively, higher than that of the Pair 1 reactors.  However, the cumulative mean VBP 
from the Pair 2 reactor was 3% higher than that of the Pair 3 reactors, which shows that 
overall, the performance of the mesophilic and thermophilic reactors in the current study were 
nearly the same in their biogas productivity (SBP and VBP), and these were nearly double 
that of the psychrophilic reactors. Similarly, overall, the average methane contents (%) in the 
wet biogas from the Pair 1, Pair 2 and Pair 3 reactors as shown in Figure 4-9 were 48, 56 and 
51%, respectively.  
Furthermore, the overall mean specific methane production (SMP) from the Pair 1, Pair 2 and 
Pair 3 reactors shown in Figure 4-10 were 221.1, 313.3 and 295.7 N mL CH4.g
-1VS added.d-1; 
and these corresponded with overall mean volumetric methane production (VMP) of 192.8, 
381.2 and 366.6 N mL CH4.d
-1, respectively. 
 
Figure 4-10  Cumulative mean specific methane production (cum SMP), specific methane 
production (SMP). Cum. means indicate the average of the cumulative volumes of methane 
produced in the Pair 1, Pair 2 and Pair 3 reactors. Other parameters are as defined in Figure 
4-9.  . 
Statistically, a paired sample t-tests between the mean SBP of the paired reactors, gave a p-
value < 0.05 for (Pair 1 and Pair 2; and Pair 1 and Pair 2) respectively, while a comparison 
94 
 
between Pair 2 and Pair 3 reactors gave a p-value > 0.05.  These results suggest that overall, 
the difference between the temperatures of the mesophilic and thermophilic AD reactors did 
not have any significant effect on the volume of biogas production, whereas such difference 
had an enormous negative effect on the biogas production of the psychrophilic reactors. The 
higher performances of the mesophilic and thermophilic reactors can be explained by thermal 
advantage, because heating enhances the rate of microbial growth, and therefore increases the 
rate of the digestion processes and biogas production (Turovskiy, 2006).  
4.3.2 Irregular daily feeding practice and a steady-state conditions 
Figure 4-10 and Figure 4-11 signify that none of the reactor conditions was able to achieve 
steady-state conditions despite being operated at fixed temperatures and under controlled pH 
conditions. Table 4-7 also contains a summary of the results from a comparison of the specific 
methane production (SMP) in the Pair 1, Pair 2 and Pair 3 AD reactors from day 40 – 65, 
which represents the period of normal operation before the reactors started to fail and day 107 
– 140, which represents the methane production from the reactors during the periods of 
recovery from failure.  
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Table 4-7 Minimum, maximum, mean and standard deviation of the SMP from Paired CSTR. 
 
Paired reactors 










Psychrophilic (Pair 1) 25 – 58 112.9 537.9 294.5 122 
 60 – 93 41.8 376.5 140 91.6 
 107 - 140 99.7 296.1 185.1 61 
Mesophilic (Pair 2) 25 - 58 238.7 576.4 433.5 109 
 60 - 93 58.3 423.2 273.8 86.7 
 107 - 140 48.5 343.2 160.8 78.7 
Thermophilic (Pair 3) 25 - 58 207.6 566.5 370.2 87 
 60 - 93 86.9 413.5 231.1 98.7 
 107 - 140 146.0 465.7 318.2 112.6 
Note: specific methane production is expressed in mL CH4.g-1VS added.d-1. Refer to Table 4-3 for 
feeding conditions. 
The results presented in Table 4-7 and Figure 4-11, signify that from day 25 – 58, the SMP 
from the Pair 2 and Pair 3 reactors increased by 32 and 20%, respectively compared to the 
Pair 1 reactors.  It also indicates that the SMP from the Pair 2 reactors was 15% higher than 
that of the Pair 3 reactors. Similarly, the volumetric methane production (VMP) which is also 
presented Figure 4-11 shows that volume of methane produced by the Pair 2 and Pair 3 
reactors were 50 and 41%, respectively, higher than that of the Pair 1 reactors. This means 
that the mesophilic reactors were more stable under the irregular daily feeding condition (with 
no outliers see Figure 4-5), compared to the thermophilic and mesophilic reactors. This 
suggests that the unequal intervals between daily feeding times could be responsible for 
process instability as it may have resulted in short-term changes to the actual OLR, giving 
irregular hydrolysis patterns and subsequent formation of varying concentrations of 
intermediate products inside the reactors.  These results agree with Turovskiy (2006), that 
feeding of anaerobic digesters at regular intervals, and short intervals of 1 hour rather than 24 
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hours help to maintain steady-state conditions in the digester because methanogens are 
sensitive to sudden changes in volatile solids concentration in the AD reactors. Equally, a 
more uniform feeding pattern, perhaps every 8 hours, could reduce shock loadings which can 
lead to a reduction in alkalinity, and helps to provide more stable buffering against pH change 
in the reactor. It also important to note that the SMP values achieved in Table 4-7 are within 
the ranges of BMP values of some of the grass silages that constituted the CSTR feedstock, 
such as elephant grass or Napier grass (190 – 340 mL CH4.g
-1VS added. d-1, Timothy (333 – 
385 N mL CH4.g
-1VS added.d-1), ensiled grass (128 – 392 N mL CH4.g
-1VS added. d-1), 
clover (290 -390 N mL CH4.g
-1VS added.d-1) and mixed grasses (298 – 315 N mL CH4.g
-1VS 
added.d-1) (Frigon & Guiot, 2010). Interestingly, the current study, only the mean methane 
produced in the thermophilic CSTR (Table 4-7) were comparable to the BMP value of 399.4 
N mLCH4,g-1VS added which was obtained from the batch tests (see Annex A, Table 9-3).  
Between day 60 - 93, the mean SMP from the Pair 1, Pair 2 reactors were higher than that 
from the Pair 1 reactors by 49 and 39%, respectively, and that shows that methane production 
from the mesophilic reactors within this period was almost double that from the psychrophilic 
reactors. Also, the SMP from the Pair 2 reactors exceeded that from Pair 3 reactors by 16%.  
Similarly, the VMP from the Pair 1, Pair 2 and Pair 3 reactors within this period were higher 
by 63 and 55% respectively, compared to the Pair 1 reactors, and that the Pair 2 reactors 
achieved a VMP which was 17% higher than that of the Pair 3 reactors. Also, between period 
A (day 25 - 58) and period B (day 60 - 93), the mean SMP from Pair 1, Pair 2 and Pair 3 
reactors decreased by 52, 37 and 38%, respectively. It is also evident from the Table 4-7 that 
as the failing of the AD reactors progressed, the methane production in the Pair 1, Pair 2 and 
Pair 3 reactors further decreased gradually from the maximum values shown in Table 4-7 to 
lowest minimum values of 41.8, 58.3 and 86.9 N mL CH4.g
-1VS added.d-1, respectively. 
Correspondingly, the VMP for the Pair 1, Pair 2 and Pair 3 reactors also decreased to their 
lowest values of 62.8, 164.2and 130.4 N mL CH4.L
-1. d-1. These decrease shows that the mean 
volumes of methane (SMP) lost in Pair 1, Pair 2 and Pair 3 reactors due to failure were 89, 86 
and 79%, respectively. The period of regular decrease in daily biogas/methane production 
(Figure 4-9 and Figure 4-10) coincides with the period of rapid decrease in the pH of the 
digesters (Figure 4-1), and according to Holland (2013) as a sudden decrease of the pH of AD 
reactors below the neutral value can inhibit the gas production or lead to digester failure. This 
period of AD failure (phase B in Figure 4-12) also corresponds to the period of high 
concentration of VFA in the reactors (Figure 4-6). Due to the failure of all the CSTR and the 
pungent smell emanating from them, they were shut down from day 94 – 103 represented by 
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period PQ in Figure 4-10 and Figure 4-11. However, prior to and during the failure phase, the 
Pair 2 reactors were least affected by the process upset suffered by the reactors compared to 
Pair 1 and Pair 3 reactors.  Such observation is in agreement with several published literature 
which reported that the mesophilic AD process is less sensitive to toxicants compared to the 
thermophilic AD processes (Gerardi, 2003; Jha & Schmidt, 2017). Also, Jha and Schmidt 
(2017) reported that gradual increase in ammonia concentrations resulted in substantial 
decrease in the maximum growth rates of thermophilic microbes, and that final cessation of 
growth occurred at a total ammonia nitrogen concentration of 7.0 g.L-1, whereas the same 
concentration did not have any noticeable effect on the mesophilic reactors. Kim et al. (2002) 
also found that thermophilic single-stage CSTR produced much higher VFA than the 
mesophilic reactors under the same condition of operation which agrees with the results 
obtained un the current study. 
 
Figure 4-11  Mean cumulative volumetric methane production (cum. Mean VMP) and mean 
specific methane production (Mean VMP) in the Pair 1, Pair 2 and Pair 3 reactors over HRT. 
Other parameters are as defined in Figure 4-9. 
Feeding of the reactors commenced again on day 104 (point Q in Figure 4-11), but now on 
regular daily (24 hourly) feeding intervals.  This regular daily feeding was carried out for the 
5 days without supplementation, but this did not improve the reactors conditions until 
supplementation of all the reactors with ash-extracts commenced on day 109, which together 
with the regular daily feeding, enhanced the recovery of the reactors. As evident in Figure 
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4-11 and Figure 4-12, the reactors, especially Pair 1 and Pair 3 started to recover gradually, 
but the mesophilic reactors (Pair 2) were very slow to recover. Also, the data contained in 
Table 4-7 implies that from day 109- 120, the SMP produced by Pair 3 reactors was 42% 
higher than the SMP from Pair 1 and 49% higher than that from Pair 2 reactors. Thus, during 
recovery (phase C), the Pair 1 (psychrophilic) and Pair 3 (thermophilic) reactors recovered 
faster than the Pair 2 (mesophilic) reactors.  A comparison of the results obtained from the 
Pair 1, Pair 2 and Pair 3 reactors between the failing state (phase B) and recovery phase 
(phase C) also shows that during the recovery phased, the SMP improved by 24 and 27% 
respectively, compared to the SMP recorded during the AD process failing phase.  However, 
the SMP from Pair 2 reactors further decreased by 41% during this recovery period 
suggesting that the mesophilic methanogens were much affected during the period of failure, 
which implies that the reactors would require a longer period to recover compared to the 
psychrophilic and thermophilic reactors as defined in Table 4-3. Similarly, within the same 
period (phase C), the VMP from the Pair 1 and Pair 3 reactors presented in Figure 4-11 were 7 
and 49% respectively, higher than the VMP from the Pair 2 reactors, while the SMP from the 
Pair 3 reactors exceeded that of the Pair 1 reactors by 46%.  The lag in the recovery of the 
mesophilic reactors (Pair 2) as obtained in the current study suggests that the reactors would 
require a much longer time to recover.  This suggestion is in line with Bajpai (2017) who 
reported that slow-growing mesophilic methanogens require up to 130 h or 5 days for its 
regeneration.  Also, because methanogens are slow-growing microbes, their ability remove 
VFA is the rate-limiting step in the AD process (Sykes & Skinner, 2015).  
Further comparison between the irregular daily feeding phase (A) (day 25 - 58) and the 
process recovery phase (C) (day 107 - 140) also reveals that the SMP from the Pair 1, Pair 2 
and Pair 3 reactors obtained during phase A were 37, 63, and 40%, respectively, higher than 
the SMP obtained from same reactors during recovery (phase C). The better performance of 
the Pair 2 (mesophilic reactors) compared to the Pair 3 (thermophilic reactors) may be due to 
the irregular daily feeding because thermophilic methanogens have been reported to be very 
sensitive to changes in operational conditions, and could easily suffer VFA or ammonia 
inhibition compared to the Pair 2 (mesophilic reactors)(Sani & Rathinam, 2018).  However, 
during this same period, the VMP from the Pair 1 and Pair 3 reactors in phase C were 17 and 
27% higher than the VMP obtained during phase A, which shows that feeding the AD 
reactors at regular feeding intervals were better than irregular feeding intervals. However, the 
VMP from the Pair 2 reactors during phase A was 63% higher than that of phase C probably 
because the mesophiles required more time either to grow or to adjust to the new feeding 
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mode. In the same way, a comparison between the VMP achieved in the Pair 1, Pair 2 and 
Pair 3 reactors during Phase B (failing phase) and phase C (recovery phase) also reveals that 
during the recovery phase, the VMP from the Pair 1 and pair 3 reactors increased by 40 and 
27% respectively, compared to the VMP from the mesophilic reactors during the same period, 
which further decreased by 42%. The better performance of the Pair 3 (thermophilic reactors) 
over Pair 1 and Pair 2 reactors agrees with Gerardi (2003) who stated that biomethane 
production from the thermophilic AD reactors was considerably faster than in mesophilic 
reactors. It is also possible that the higher OLR in the reactor from day 57 – 140 (Table 4-1) 
favoured the thermophilic over the mesophilic reactors over that period, although this was 
more obvious during the recovery phase (Figure 4-10 and Figure 4-12). This possibly explains 
the results since thermophilic AD reactors are generally known to operate at a faster rate at 
shorter HRT and higher OLR compared to the mesophilic and psychrophilic AD reactors 
(Sani & Rathinam, 2018).  Table 4-8 summarizes the results from correlation test and pair 
samples t-tests which were carried out to determine the effects of the different operating 
conditions and supplementation on the performances of the CSTR during phase A, B and C as 
defined in Figure 4-12 
Table 4-8 Correlation tests and t-test statistics of paired mean SMP of the Pair 1, Pair 2 and 







Test (23 - 58) 
Paired samples 
test (Day 60 - 93) 
Paired Samples 
Test (107 - 140) 
R2 p-value R2 p-value R2 p-value 
 Mean SMP Pair 1 and Pair 2 0.59 0.000 -0.08 0.001 0.37 0.243 
 Pair 1 and Pair 3 0.34 0.011 -0.30 0.037 0.54 0.000 
 Pair 2 and Pair 3 0.59 0.005 0.81 0.014 0.75 0.000 
Mean VMP Pair 1 and Pair 2 0.82 0.000 0.01 0.000 0.71 0.431 
 Pair 1 and Pair 3 0.47 0.000 -0.30 0.001 0.74 0.000 
 Pair 2 and Pair 3 0.53 0.005 0.81 0.006 0.74 0.000 
 
The results in Table 4-8 clearly shows that there were positive correlations between the all 
Pairs CSTR conditions compared during irregular daily feeding regime, phase A (day 23 – 
58), and during the period of recovery phase C (day 109 – 120), and the period during which 
regular daily feeding was applied.  However, Table 4-8 also reveals that during phase A and 
phase B, that the difference in the mean of the SMP or VMP between Pair 1 and Pair 2 
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reactors was statistically significant (p-value < 0.05), whereas during phase C, it was not 
statistically significant (p-value > 0.05). This was because during phase A and B, the all the 
reactors responded differently during the irregular daily feeding regime, and each pair of 
reactors maintained its pattern of response until the AD processes failed during phase B 
(Figure 4-12).  However, during the recovering phase, due to the lag experienced by the Pair 2 
(mesophilic) reactors, the mean values of their SMP and VMP were comparable to that of the 
Pair 1 (psychrophilic) reactors because the Pair 2 reactors suffered serious shock due to 
failure.  However, for comparisons between Pair 1 and Pair 3, or Pair 2 and Pair 3, the 
difference between either the mean values of their SMP or VMP were statistically significant 
as expected.  Also, during recovery (phase C), apart from a comparison between the SMP 
from Pair 1 and Pair 2 reactors, all other reactor paired compared (Table 4-8) showed stronger 
positive correlation compared to phase A and B. From these results, it is also obvious that due 
to the switch from irregular to regular feeding intervals, and the supplementation of ash-
extracts, Pair 1 and Pair 3 reactors recovered faster and started functioning maximally, even 
better than their performances prior to their failure, whereas Pair 2 reactors only produced 
their best during phase A and B. These results suggest that the mesophilic reactors are more 





Figure 4-12  Comparison of the mean specific methane production (SMP) of CSTR operating 
at different temperatures, before, during and after the AD process failure. Error bars represent 
+/- 2 standard error (SE) of the mean. Other parameters as defined in Figure 4-9. 
The poor performance of the Pair 2 (mesophilic) reactors in terms biomethane production 
during the recovery period (phase C) (Figure 4-12) suggests the toxicity of the reactors caused 
by their acidification due to high VFA concentration (Figure 4-6), which led to their failure 
may have led to substantial washing-out of the microbes, especially the methanogenic 
archaea. It may also be that the daily supplementation of the all the reactors with ammonium 
bicarbonate during phase A, reached a concentration which resulted to severe ammonia 
inhibition of the growth rate of the slow-growing methanogens and acetogens, and such might 
have limited methanogenesis leading to the accumulation of VFA in the first instance.  This 
assumption could be true because according to Gerardi (2003), even though ammonium 
bicarbonate is the preferred bacterial nutrient source for nitrogen, and provides buffering 
capacity in the anaerobic digester, a high concentration of ammonium carbonate may cause 




To compare the effects feeding interval on the specific methane production (SMP) and 
volumetric methane production (VMP) of CSTR during the anaerobic digestion of grass 
silage 
Discontinuous feeding enhanced SMP in the mesophilic reactors more than the thermophilic 
and psychrophilic reactors. The mesophilic reactors were also more stable during irregular 
feeding intervals than the psychrophilic and thermophilic reactors. Prolonged operation with 
irregular feeding caused all the reactors to fail and although changing to a regular feeding 
interval improved VFA accumulation, the reactors did not recover fully. However, following 
the supplementation of all the reactors with EPB ash-extracts, recovery was observed, with a 
greater increase in methane production in the thermophilic and psychrophilic reactors 
compared to the mesophilic reactors. This suggests that the mesophiles in the mesophilic 
reactors showed a lower recovery rate after inhibition compared to the psychrophiles and 
thermophiles.  Thus, the mesophilic reactors would require more time to recover completely.  
To investigate psychrophilic anaerobic digestion of grass silage as a sustainable and 
affordable process in developing countries 
The relatively good performance and rapid recovery of the psychrophilic reactors suggests 
that they could be utilised in low-income countries like Nigeria, but these reactors would 
require the addition of chemical supplements, such as biomass ash-extracts to counter the 
effects of high VFA formation and reactor instability.   
To assess the effects of organic loading rate (OLR) on the SMP from grass silage at 
psychrophilic, mesophilic and thermophilic temperatures 
Increasing the OLR of digesters during the period of irregular feeding reduced the SMP, and 
increased ammonia inhibition, VFA accumulation and odour (souring) of the AD reactors at 
all temperatures, and this increased instability caused the onset of process failure to occur 
despite daily supplementation of ammonium bicarbonate alkalinity.  
To compare the recovery rates of psychrophilic, thermophilic and mesophilic CSTR after 
process failure following supplementation with biomass ash-extracts 
After CSTR failure due to the increased instability caused by elevated OLR, supplementation 
of the reactors with EBP ash-extracts brought about a strong recovery of the psychrophilic 
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and thermophilic reactors by providing both adequate alkalinity and essential trace nutrients 
which presumably helped support bacterial growth and increased reactor performance. 
The mesophilic reactors also started to recover, but at a slower rate compared to the other 
reactors. Therefore, low-cost alkaline-rich ash-extracts produced from agricultural biomass 
wastes were considered to be useful sources of alkalinity and trace nutrients for AD systems 
























Chapter 5 Effect of low-cost biomass extracts on the performance of 
thermophilic and mesophilic AD reactors during the co-digestion of 
tropical grass silage and cassava processing waste 
Abstract 
The current study involved the co-digestion of seven tropical grass silages and cassava 
processing wastes in four (4) pairs of 1 L continuously stirred tank reactors (CSTR) operating 
at upper mesophilic (40 C) and lower thermophilic (55 C) temperature conditions. The 
mesophilic reactors consisted of Pair 1 control reactors (unsupplemented) and Pair 2 reactors 
(supplemented with ash-extracts), whereas the thermophilic reactors were made up of Pair 3 
control reactors (unsupplemented) and Pair 4 (supplemented with ash-extracts). All the 
reactors (Pair 1, 2, 3 and 4) were fed at the same organic loading rate of 2 gVS.L-1.d-1 and 
were operated at a 20 d hydraulic residence time (HRT). The ash-extract supplement was 
prepared by extracting the alkaline-rich soluble component of empty palm bunch ash (EPB), 
which also contained essential trace nutrients. The results showed that from day 35 – 60 
(period of pseudo-steady-state operation), that the specific methane production from the Pair 
1, Pair 2, Pair 3 and Pair 4 reactors were: 249.1, 316.6, 255.8 and 334.9 N mLCH4.g
-1VS 
added. d-1, respectively. These results signify that methane production increase by 21% in the 
Pair 2 (supplemented mesophilic reactors) and 24% in the Pair 4 (supplemented thermophilic 
reactors) compared to their un-supplemented control reactors, Pair 1 and Pair 3, respectively. 
The results also showed that an increase in temperature from mesophilic (40 C) to 
thermophilic (55 C) only increased the volume of methane produced by 5 %. Based on the 
results from the current study, overall, the performances of the upper mesophilic AD reactors 
and the thermophilic AD reactors were comparable. Therefore, the upper mesophilic 
temperature may be preferable to thermophilic temperature during the digestion of mixed 
lignocellulosic biomass feedstock and cassava process waste, especially due to the higher cost 
and instability associated with the operation of thermophilic AD reactors.  
Keywords: Anaerobic digestion, co-digestion of grass silages and cassava waste, upper 






The objectives of the current study were: 
• determine the specific methane production (SMP) from a biomass feedstock consisting 
of seven types of grass silage and cassava processing waste under upper mesophilic 
(40 C) and optimum thermophilic (55 C) temperatures conditions both with and 
without EPB ash-extract supplementation. 
5.1 Materials and methods 
All the biomass feedstocks and supplements used in the current study had been previously 
discussed in Section 2.4.  Their preparation and storage have also been presented in Section 
3.1.  Details of the elemental composition of the feedstock and supplements have also been 
presented in Sections 3.2 and Table 3-2. The characteristics of the biomass feedstock and 
inoculum are presented in Table 5-2.                                                                                      
 
Table 5-1  Feedstock composition 
Description   Composition  
(a) Panicum and Pennisetum (50/50)   28.7% 
(b) Speargrass    
 
1.4% 
(c) Guinea grass   
 
1.3% 
(d) Gamba grass 
  
0.1% 
(e) Panicum Max (early) 
 
12.6% 




(i) Cassava peels 
  
24.2% 
(j) Cassava mill waste 
 
24.2% 





Table 5-2 Characteristics o the feedstock and inoculum 
Analysis  Abbreviation Inoculum Feedstock 
Moisture content (%) MC  98% 10 
Total solids (%) TS  2% 90 
Volatile solids (% in TS) VS 60% 74 
pH value pH 7.91 x 
Chemical oxygen demand (mg L-1) COD 15,400 x 
Ammonium nitrogen (mg L-1) NH4+ - N 2,562.5 x 
 
The physicochemical and monitoring parameters during the operation of the AD reactors 
included temperature, pH, alkalinity, volatile fatty acids, volatile solids removal and COD 
removal.  These parameters were measured according to the relevant procedures in the 
Standard methods for the examination of water and wastewater (Section 3.1). The 
composition of methane gas in the biogas was determined by GC as outlined in Section 3.4.2. 
5.1.1 Experimental set-up 
The four (4) pairs of 1-L reactors used for this study were set-up as shown in Figure 5-1. 
Other details on how the components were fitted including the heating and temperature 




Figure 5-1  Mesophilic and thermophilic CSTRs showing overhead stirrers, a shaft with 
water-seal and gas-bags. Reactor vessels are obscured by gas bags. The working volume of 
each reactor was 1 L. 
The reactors shown in Figure 5-1 were classified either as supplemented (with ash-extracts) or 
unsupplemented (no ash-extracts) reactors as summarised in Table 5-3. The details of the ash-
extract supplement used, its preparation, analysis and chemical compositions are detailed in 
Section 3.2.1. 
Table 5-3  Names and operating conditions of the CSTR 
Reactors names Mesophilic reactors (40 C) Thermophilic reactors (55 C) 




Pair 2 (R3 and R4) 
 
Pair 4 (R7 and R8) 
 
All the AD reactors (Pair 1, 2, 3 and 4) were acclimatized from day 1- 6 with daily feeding at 
an organic loading rate of 2.0 gVS.L-1. d-1 without sampling.  After this period of 
acclimatization, all the reactors were fed uniformly at that same OLR from day 7 – 60. Thus, 
at an HRT of 20 d, it means that the rate of volatile solids (VSin) in the inflow (Qin) was 2 g. 
L-1.d-1, implying that inflow (during feeding) was 50 mL.d-1, which was equal to the volume 
of samples removed from each reactor daily or outflow (Oout). 
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5.1.2 Data analysis 
Descriptive statistics were carried out on all the data obtained in the current study using 
Microsoft Excel and IBM Statistical Package for Social Sciences (SPSS) version 24. The 
correlation and statistical significances (paired samples t-tests) between selected sets of 
reactors pairs such as: control mesophilic (Pair 1) and control thermophilic (Pair 3) reactors; 
control mesophilic (Pair 1) and supplemented mesophilic (Pair 2), supplemented mesophilic 
(Pair 2) and supplemented thermophilic (Pair 4), and control thermophilic (Pair 3) and 
supplemented thermophilic (Pair 4) reactors. More details on the data analysis are given in 
Section 3.7. 
5.2 Results and discussion  
5.2.1 Solids composition, destruction and organic loading rate 
A sample from the mixed biomass feedstock used for the current study was made up of 90% 
total solids (TS), 74% of volatile solids as %TS and 10% moisture content (MC). Results 
from the elemental analysis carried out using 1 g dried sample from the feedstock have been 
described in Section 3.2.1.  Some of these results including the carbon-to-nitrogen (C: N) 
ratio in each feedstock and are summarised in Table 5-2 and Table 5-4.   
Table 5-4   Elemental composition of the biomass feedstock components used to feed AD 
reactors  
Sample ID C (%) H (%) O (%) N (%) S (%) C:N ratio 
Spear grass 43.47 6.57 35.72 1.92 0.17 23:1 
Gamba grass 44.46 6.79 37.90 2.39 0.19 19:1 
Elephant grass 37.92 6.23 33.67 2.53 0.15 15:1 
Rice straw 34.01 5.24 31.22 2.35 0.11 15:1 
Guinea grass 41.58 6.95 36.58 1.79 0.19 23:1 
Cassava waste 41.54 6.60 49.73 0.187 0.137 223:1 
 
Among the nutrients contained within the biomass feedstock, carbon provides the energy 
needed by the microbes for metabolic activity and growth, while nitrogen is utilized for 
building their cell structure (Khoiyangbam et al., 2011). Microbes also require small 
quantities of phosphorus, sulphur, sodium, calcium, potassium, magnesium, chlorine and 
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several trace nutrients such as iron, zinc, molybdenum, nickel, cobalt, selenium, vanadium, 
manganese, copper for their metabolism (Khoiyangbam et al., 2011; Malik et al., 2013; 
Wellinger, 2013). Details of the composition of some of these biomass feedstocks, including 
their nutrients, metals and trace nutrient contents were earlier presented in Table 3-3. In the 
current study, the phosphorus (P) contained in each of the biomass feedstocks was not 
determined.  However, P content and requirement has been determined by other researchers 
and the empirical relationship C:N:P:S ratio of 600:15:5:3 is reported as being the adequate 
nutrient ratio for enhancing methane production (Khoiyangbam et al., 2011; Malik et al., 
2013). Some of the grass silage components in Table 5-4 have C:N ratios within the optimum 
range, whereas others like cassava have a very high carbon content compared to nitrogen, 
which implies that co-digestion improves the nutrient balance of the AD biomass feedstocks 
(Section 2.10). Thus, why the mono-digestion of some grass silage fails when digested 
anaerobically as a sole substrate, could be because of insufficient trace nutrient contents in the 
grass in concentrations required to support anaerobic process.  It could also be as a result of 
the starvation of anaerobic microbes of nitrogen required for their protein formation, energy 
synthesis and metabolism due to early exhaustion of the small contents of nitrogen in the 
grass by microbes or by volatilization.   
Figure 5-2 shows the mean percentage reduction in volatile solids in the Pair 1 (Control), Pair 
2, Pair 3 (Control) and Pair 4 reactors. Between day 1 – 33, the VS reduction in the 
mesophilic reactors Pair1 (Control) and Pair 2 (supplemented) varied between 49 to 67 %, and 
50 – 69 % respectively, while for the thermophilic Pairs 3 (Control) and Pair 4 
(supplemented), it varied between 53 – 66%, and 52 – 69%, respectively. However, from day 
34 – 60, Pair 1 (Control), Pair 2, Pair 3 (Control) and Pair 4 reactors achieved a mean of VS 




Figure 5-2  Volatile solid reduction in the Pair 1 (Control), Pair 2 (supplemented), Pair 3 
(Control), and Pair 4 (supplemented) CSTR over time. Table 5-3 contains more details on 
CSTR classification and supplementation 
The periods of low VS removal in the thermophilic reactors, Pair 3 between day 1 – 10 as 
shown in Figure 5-2, coincided with the lag phase in the reactors, and may represent when the 
thermophiles were becoming acclimatized to their new operating temperature because the 
inoculum was previously incubated at the upper mesophilic temperature due to equipment 
constraints.  The better performance of the mesophilic reactors during the same initial start-up 
period clearly demonstrates the importance of acclimatizing inoculum at the actual operating 
temperature before the startup of anaerobic digestion. From Figure 5-2, it is also evident that 
from day 34 – 60, after all the reactors had become more stable, that the thermophilic reactors 
achieved higher volatile solids (VS) removal than the mesophilic reactors. This period of 
higher VS removal in the thermophilic reactors also corresponds with the period of higher 
methane production in these reactors, compared to the mesophilic reactors, as shown in Figure 
5-5.  This was expected because thermophilic AD processes have been reported to achieve 
better volatile solids removal than mesophilic processes because the rates of biological 
activities are faster at the higher temperatures (Sani & Rathinam, 2018; Turovskiy, 2006). 
However, the difference between the %VS destroyed in the mesophilic and thermophilic 
reactors was comparable possibly due to the closeness of their operating temperatures. 
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5.2.2 pH of pilot scale CSTR  
The pH is a pivotal parameter which affects the performance of the anaerobic digestion 
process significantly due to its influence on the solubility of the substrate as well as the 
microbial community (Bajpai, 2016).  According to Korres (2013), the pH inside the AD 
plant depends on the concentrations of VFAs, bicarbonate, alkalinity, retention time, loading 
rate and the fraction of CO2 in the digester.  The mean of daily pH of Pair 1 (Control), Pair 2 
(supplemented), Pair 3 (Control), and Pair 4, reactors, from day 1 – 60 is shown in Figure 5-3.   
 
Figure 5-3  Mean pH in the Pair 1 (Control) unsupplemented and Pair 2 (supplemented) 
mesophilic, and Pair 3 (Control) unsupplemented and Pair 4 (supplemented) thermophilic 
CSTR over time. Supplementation involved the addition of ash-extract to CSTR. 
From Figure 5-3, both the Pair 1 (Control) and Pair 2 (supplemented) mesophilic AD reactors 
had a starting pH value of 7.8, while the thermophilic AD reactors Pair 3 (Control) and Pair 4 
(supplemented) had a starting pH of 7.7.  The pH inside both Pair 1 (Control) and Pair 2 
reactors dropped to an initial minimum value of 7.3 on day 4 and day 6 respectively. 
Similarly, for the thermophilic AD reactors, on day 3, the starting pH inside both the Pair 3 
(Control) and Pair 4 thermophilic reactors dropped to an initial minimum value of 7.4 and 7.3, 
respectively. These periods of pH reduction coincided with the period of acclimatization 
during which the feedstock, which was slightly acidic, was added consistently at an OLR of 
2.0 g VS. L-1.d-1 without sampling or dilution. However, on the commencement of feeding 
from day 5 onwards, the pH increased to peak values of 8.1 on day 8 for Pair 1 (Control) and 
113 
 
to pH value of 7.9 on day 9 for the Pair 2 reactors, due to the dilution of acids inside the 
reactors as the new feed displaced excess acids inside the reactor by simple dilution.  
Similarly, peak pH values of 7.7 and 7.8 were recorded on day 7 and day 6 for the 
thermophilic Pair 3 (Control) and Pair 4 reactors. Figure 5-3 also shows that the pH in the 
thermophilic reactors were closer to the optimum for AD (pH 7) than in the mesophilic 
reactors, apart from day 1 – 9 when the pH of the mesophilic reactors was higher, probably 
because the thermophilic bacteria were acclimatizing to their new temperature as the 
inoculum was previously acclimatized at the mesophilic temperature prior to start-up. The pH 
reduction in the thermophilic digesters may have also been caused by rapid acidogenesis due 
to faster feedstock degradation rate at the high temperature, which may have caused an 
increase in VFA concentration, especially as there was no removal of digestate (giving 
dilution) during day 1 – 5 (section 5.1.1). However, after day 9, the pH in the Pair 1 (Control), 
Pair 3 (Control), Pair 2 and Pair 4 reactors started to decrease gradually over the time and 
became relatively stable on day 37. From day 37 – 60, the mean pH in the Pair 1 (Control), 
Pair 2, Pair 3 (Control) and Pair 4 reactors were 6.8, 7.1, 6.9 and 7.1 respectively.  
Figure 5-3  also shows that the pH of the Pair 3 (Control) (non-supplemented thermophilic) 
was slightly better than that of the Pair 1 (Control), which is the unsupplemented mesophilic, 
while pH of Pair 3 (supplemented thermophilic) was the same as Pair 2 (supplemented 
mesophilic) reactors.  These results suggest that the thermophilic AD reactors performed 
better in terms of pH stability within the optimum range compared to the mesophilic reactors, 
under identical operating conditions. The pH in the supplemented reactors (Pair 2 and Pair 4) 
was also more favourable than the pH in the non-supplemented reactors, which suggest that 
the addition of ash-extracts provided substantial amounts of alkalinity to the reactors.  This 
maintenance of a favourable range of pH 7.0 – 7.2 in Pair 2 and Pair 4 reactors, coincided 
with higher and steadier volumetric methane production in these reactors compared to their 
corresponding Pair 1 (Control) mesophilic and Pair 3 (Control) thermophilic reactors (Figure 
5-3). This improvement and steady volumetric methane production achieved in the current 
study supports the results from other researchers who have reported that operating AD 
reactors at pH range 7.0 – 7.2 enhances the performance of the methanogenic archaea 




5.2.3 Variation in COD and ammonium-Nitrogen of pilot scale CSTRs 
Figure 5-4 shows variations in the concentrations of total chemical oxygen demand (CODT) 
and concentration of ammonium nitrogen (NH4
+-N) in all reactor pairs from day 1 – 60. The 
mean CODT in the Pair 1 (Control) unsupplemented and Pair 2 (supplemented) mesophilic 
reactors were 15,082 and 12,832.3 mg.L-1, respectively, and for the unsupplemented Pair 3 
(Control)) and supplemented (Pair 4) thermophilic AD reactors, the mean CODT was 14,291.9 
and 12,729.4 mg.L-1, respectively. It is also apparent that the CODT content in the 
thermophilic reactors was slightly lower than their corresponding mesophilic reactors, which 
implies that thermophilic reactors were slightly more efficient in terms of CODT removal. 
Results from the statistical correlation analysis showed that there was no correlation between 
the CODT content in the Pair 1 (Control) and Pair 2 reactors (R
2 = 0.041).  However, the 
CODT of Pair 4 and Pair 3 (Control) was positively correlated (R
2 = 0.88). However, in all 
comparisons, a paired sample t-test showed that there was no statistically significant 
difference (P> 0.05) in the mean CODT between each pair of reactors compared.  
 
Figure 5-4  Mean of Total Chemical Oxygen Demand (CODT) and Ammonium-Nitrogen 
(NH4-N) concentration inside the (Pair 1 (Control) unsupplemented and Pair 2 (supplemented) 
mesophilic and (Pair 3 (Control) unsupplemented and Pair 4 (supplemented) thermophilic 
CSTR over time. Values are the means from duplicate reactors within a pair. 
There were also relationships between the CODT contents in the reactors and volatile solids 
removal such that the amount of CODT in each reactor varied depending on the percentage of 
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volatile solids destroyed (Figure 5-2).  The rapid increase in the concentration of CODT 
recorded in the current study between day 1 - 7 coincided with the period of VS accumulation 
during acclimatization which was previously discussed in Section 5.2.1.  The thermophilic 
AD reactors which achieved slightly higher volatile solids destruction were found to have 
correspondingly lower CODT contents inside the reactors which shows that CODT was 
converted more effectively to biogas by the anaerobes. Similarly, reactors with high CODT 
contents also coincided with low VS destruction and lower biogas production (Figure 5-2).  
These results suggest that the value of the CODT could be used to predict the rate of VS 
destruction during the anaerobic digestion process, especially where the soluble COD was not 
estimated.  
The concentration of ammonia-N (day 0 - 60) in the reactors decreased gradually over time 
(Figure 5-4). In the mesophilic reactors, the concentration of NH4
+-N in the Pair 1 (Control) 
and Pair 2 reactors decreased from 2,487.5 - 156.3 mg. L-1 and 2,486.3 – 182.5 mg. L-1, 
respectively.  Similarly, during the same period, the concentration of NH4
+-N in the 
thermophilic Pair 3 (Control) and Pair 4 (supplemented) reactors decreased from decreased 
from 2,506.3 – 223.8 mg. L-1and 2.625.0 – 195 mg. L-1, respectively. The overall (day 1 – 
60), the mean of the methane produced by the Pair 1 (Control), Pair 3 (Control), Pair 2 
(supplemented mesophilic) and Pair 4 (supplemented thermophilic) reactors were 856.1, 843, 
876.1 and 918 mg.L-1, respectively. The summary statistics for the t-test and correlation 
values used to analyze the relationship between the ammonium–N profile between different 
pairs of reactors are presented in Table 5-5. 
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Table 5-5  Variations in mean ammonium-N concentration in AD reactors using Paired 
Sample Statistical Correlations and T-tests at 95% confidence interval 
 
 
Data from Table 5-5 shows that there was a high correlation (R2 > 0.99) between the 
ammonium–N contents in pairs of reactors, and that any small differences observed between 
the individual reactors were not statistically significant (p > 0.05).  However, despite the 
comparable performances between the mesophilic and thermophilic reactors, it is obvious 
from Figure 5-4 that the thermophilic AD reactors contained slightly higher ammonium-N 
concentration than the mesophilic AD reactors. These higher concentrations of ammonium-N 
found in the current study are consistent with the observations of Ping and Tong (2015), who 
reported that thermophilic AD processes produce higher molecular NH3. However, according 
to these authors, mesophilic reactors are preferable to thermophilic reactors because the 
mesophilic reactors give greater process stability and are also more tolerant to a higher 
concentration of ammonia. 
5.2.4 Specific methane production and cumulative methane production in CSTR under 
pseudo-steady-state conditions 
In the current study, comparing the rate of methane productivity between two reactors was 
one of the key indicators used to establish improvements arising from ash-extract 
supplementation. The specific methane production and the cumulative methane production 
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from the Pair 1 (Control), Pair 2 (supplemented) mesophilic and the Pair 3 (Control) and Pair 
4 (supplemented) thermophilic reactors from day 1 – 60 are presented in Figure 5-5.   
 
Figure 5-5  Mean specific methane production from mesophilic Control 1, Pair 
1(supplemented) and the thermophilic Control 2 and Pair 2 (supplemented) CSTR over time 
Figure 5-5 shows that the mean specific methane production (SMP) from the Pair 1 (Control) 
and Pair 2 (supplemented) mesophilic reactors from day 35 – 60, when the reactors achieved 
relatively stable operation, were 249.1 and 316.6 N mL CH4.g
-1VS added.d-1, respectively. 
Similarly, during this same period, the thermophilic Pair 3 (Control) and Pair 4 
(supplemented) thermophilic reactors produced 255.8 and 334.9 N mL CH4.g
-1VS added. d-1, 
respectively. This means the addition of ash-extract improved the Pair 2 (mesophilic) reactors 
by 21% compared to the Pair 1 (Control) mesophilic reactors that had no supplementation. 
Similarly, under the thermophilic condition, the Pair 4 reactors (supplemented with ash-
extract) produced cumulative methane volume that was 24% higher than the unsupplemented 
Pair 3 (Control) thermophilic reactors.  Another comparison between the Pair 2 
(supplemented mesophilic) and Pair 4 (supplemented thermophilic) reactors from day 35 – 60 
also showed that the cumulative SMP from the thermophilic reactors was only 5% higher than 
that of the mesophilic reactors.  A comparison between the Pair 1 (Control) mesophilic and 
Pair 3 (Control) thermophilic reactors showed that the SMP from the thermophilic reactors 
was also 3% higher compared to than the SMP from the mesophilic reactors. These SMP 
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results corresponded with the variation in pH, VS and CODT removal discussed in Sections 
5.2.1 -  5.2.3).  Even at a wider temperature range of 35 C for mesophilic and 55 C for 
thermophilic AD process, a recent study by Capson-Tojo et al. (2017) found that despite 
achieving higher hydrolysis rates in the thermophilic reactors in terms of high concentration 
of soluble COD, that such did not improve the methane yield of thermophilic reactors over the 
mesophilic conditions. Therefore, it possible that the improvement in the biomethane 
production observed in the current study in both the mesophilic and thermophilic reactors was 
influenced by the addition of the EPB ash-extracts.  Singh et al. (2015) have reported that 
thermophilic AD process can achieve 50 – 100 % higher SMP rate than a mesophilic AD, 
however, in the current study, a paired sample t-test comparison between the thermophilic and 
mesophilic reactors showed that the effect of temperature on the cumulative methane 
production was not statistically significant (p> 0.05).  The slight improvement of the 
thermophilic reactors over the mesophilic as found in the current study confirms the findings 
of Streitwieser (2017) which compared the effects of co-digesting fruit wastes and manure 
under thermophilic and mesophilic temperatures, which found that thermophilic AD reactors 
produced more biogas/methane than the mesophilic reactor under a constant organic loading 
rate of 1.5 kg COD. m-3. d-1 at an HRT of 16 days. In another study involving the co-digestion 
of winery wastewater sludge and wine lees Da Ros et al. (2017) found that trace nutrients, 
especially iron, cobalt and nickel supplements improved the stability of the thermophilic AD 
reactors at 55 C. Thus, since thermophilic AD reactors are well known for instability 
(Gerardi, 2003; Korres, 2013), the current study has gone a way forward to enhance our 
understanding that these trace nutrients needed to optimize the thermophilic process, 
including material for providing adequate alkalinity for the process, can be sourced from low-
cost ash-extracts.  
5.3 Conclusion and recommendation 
To determine the specific methane production (SMP) from a biomass feedstock consisting of 
seven types of grass silage and cassava processing waste under upper mesophilic (40 C) and 
optimum thermophilic (55 C) temperatures conditions both with and without EPB ash-extract 
supplementation. 
The unsupplemented thermophilic reactors showed only a slightly higher (5%) SMP than the 
unsupplemented mesophilic reactors, but the difference was not statistically significant (p> 
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0.05), and this therefore implies that it may be not be economically viable to operate AD 
reactors on a mixed grass silage feedstock at thermophilic temperatures.   
The SMP of the ash-extract supplemented mesophilic and thermophilic reactors was found to 
be 21 and 24% greater, respectively, than the equivalent unsupplemented reactors, showing 
the efficacy of ash-extract supplements in enhancing methane production from grass silage 
feedstocks.  Furthermore, this suggests that biomass ash-extracts could serve as an alternative 























Chapter 6 Effect of 10 °C steps in operating temperature and increasing 
OLR on Specific Methane Production (SMP) during the AD of a mixed 
lignocellulosic feedstock 
Abstract 
Three pairs of 5 L CSTR were used to investigate the effects of 10 C steps in operating 
temperature and increasing organic loading rate (OLR) on the specific methane potential 
(SMP) and volumetric methane production (VMP) from mixed lignocellulosic biomass 
feedstock. The reactors, Pair 1 (27 C), Pair 2 (37 C) and Pair 3 (47 C) were acclimatized for 
6 days with an OLR of 1.0 gVS.L-1.d-1, and then operated for three consecutive HRT cycles (1 
HRT cycle = 20 d), with daily feeding at an OLR of 1.0, 1.25 and 1.5 gVS L-1.d-1 during the 
1st, 2nd and 3rd HRT cycles, respectively.  A mixture of ash-extract supplements prepared from 
empty palm bunch and empty plantain peels (EPP) was used to maintain the pH inside all the 
reactors within the optimum range pH 6.94 - 7.07 between day 31 and day 58, and this 
supplementation was only carried out whenever there was a decrease in any of the reactors 
below the set pH range. All the reactors were able to attain a pseudo-steady-state condition of 
operation during the 2nd HRT cycle (day 26 – 46), and during this period, the mean SMP for 
Pair 1, Pair 2 and Pair 3 reactors were 261.6, 323.7 and 303 N mL CH4.g
-1VS added. d-1, 
respectively. Similarly, the mean volumetric methane production (VMP) for the Pair 1, Pair 2 
and Pair 3 reactors were 331.4, 367.9 and 385.5 N mL CH4.L
-1. d-1, respectively.  These 
results signify a 24% and 16% increase in the SMP from the Pair 2 (mesophilic) and Pair 3 
(thermophilic) reactors, respectively, compared to the Pair 1 (psychrophilic) of reactors, and a 
6% increase of SMP of Pair 2 reactors compared to the Pair 3 reactors. Conversely, during 
this same 2nd HRT, the VMP from the Pair 3 reactors was higher than that of Pair 2 by 5%, 
which shows that increase in OLR from 1.0 to 1.25 gVS.L-1.d-1 favoured the VMP in the Pair 
3 reactors compared to Pair 1 and Pair 2 reactors. Also, the methane contents in biogas 
produced in Pair 1, Pair 2 and Pair 3 reactors during the 2nd HRT were 57.7%, 57.2% and 
56.0%, respectively. During the 3rd HRT cycle (day 47 – 66), increase in OLR from 1.25 to 
1.5 gVS.L-1.d-1 resulted to the production of methane gas (SMP) from Pair 1, Pair 2 and Pair 3 
reactors with mean of 204.4, 315.0, 312.2 N mL CH4.g
-1VS added.d-1, while the mean VMP 
were 306.7, 392.2 and 468.3 N mL CH4.L
-1.d-1, respectively. These results show that the SMP 
from the Pair 2 reactors were only 1% higher than that of Pair 3 reactors, whereas the SMP 
from each of Pair 2 and Pair 3 reactors was 35% higher than the SMP from the Pair 1 reactors. 
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Similarly, the mean VMP from Pair 2 and Pair 3 reactors were 22% and 35% respectively, 
higher that Pair 1 reactors, while the VMP from the thermophilic reactors were 16% higher 
than that of the Pair 2 reactors. Also, the methane contents in the biogas produced in the Pair 
1, Pair 2 and Pair 3 reactors during the 3rd HRT cycle were 50.8%, 55.7% and 56.6% CH4 
content, respectively. Overall, these results show that increase in OLR in the Pair 1, Pair 2 and 
Pair 3 reactors, favoured volumetric methane production in the Pair 3 (thermophilic reactors) 
compared to the Pair 1 (psychrophilic) and Pair 2 (mesophilic reactors).  It also shows that 
both Pair 2 and Pair 3 reactors achieved comparable SMP under each HRT cycle. The 
decrease in the methane contents in the biogas and SMP during HRT shows that stoppage of 
supplementation from day 59 – 60 during the 3rd HRT led to a decrease in the stability and 
efficiency of all the CSTR.  Furthermore, the 10 °C difference in temperature between Pair 1 
and Pair 2, or between Pair 2 and Pair 3 reactors did not double either the process rate or 
volume of methane produced. Finally, a mixture of ash-extract supplements from ashes from 
empty palm bunch and empty plantain peel (EPP) can be used effectively as AD supplements 
to improve both SMP and VMP, as well as to optimize the methane content of the biogas.  
Keywords: Anaerobic digestion, mixed lignocellulosic feedstock, specific methane production 




The objectives of the current study were:  
• To determine the effect of 10 °C degree differences in operating temperature of 
psychrophilic, mesophilic and thermophilic reactors on the specific methane 
production (SMP) and volumetric methane production (VMP) during the AD of a 
mixed lignocellulosic biomass feedstock. 
• To determine the effect of increasing the organic loading rate on the SMP, VMP and 
reactor stability of psychrophilic, mesophilic and thermophilic reactors during the AD 
of a mixed lignocellulosic biomass feedstock. 
• To investigate the effect of adding ash-extract supplements produced from empty palm 
fruit bunch (EPB) and empty plantain peels (EPP) on maintaining AD process stability 
and efficiency of reactors during the AD of a mixed lignocellulosic biomass feedstock. 
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6.1 Materials and methods 
6.1.1 Materials 
The biomass feedstock used in the current study has been described in                                                                                       
 
Table 5-1. The characteristics of the biomass feedstock are presented in Table 6-1. The source 
of the inoculum has been described in Section 3.3.  The empty palm bunch and empty 
plantain peels (EPP) which were used to prepare the ash-extract supplement have also been 
described in Section 3.1. The properties and methods of preparation of these ash extracts are 
presented in Section 3.2.   
Table 6-1   Characteristics of the mixed biomass feedstock 
Analysis  Abbreviation Inoculum Feedstock 
Moisture content (%) MC  89% 10 
Total solids (%) TS  1% 90 
Volatile solids (% in TS) VS 61% 74 
pH value pH 7.74 x 
Chemical oxygen demand (mg L-1) COD 18,752 x 
Ammonium nitrogen (mg L-1) NH4+ - N 1,617.5 x 
The letter x means that the parameter was not determined. 
 
6.1.2 Methods 
In the current study, six continuously stirred tank reactors (CSTR), each with capacity of 5 L, 
were used to study the effects of different operating temperatures (at 10 °C intervals) on the 
anaerobic digestion of a mixed lignocellulosic feedstock (prepared from selected tropical 
grass silages and cassava waste) at 20 d HRT. The inoculum was acclimatized to the biomass 
feedstock by feeding 1.0 gVS.L-1. d-1 for 6 days without removing any sample from the 
reactors.  The CSTRs were set up in duplicates as described in Section 3.5.  The Pair 1 
reactors (R1 and R2) were operated at 27 °C; Pair 2 (R3 and R4) were operated at 37 °C; 
while the Pair 3 (R5 and R6) were operated at 47 °C, representing upper psychrophilic, upper 
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mesophilic and lower thermophilic temperatures, respectively. All the reactors were fed at an 
organic loading rate of 1.0, 1.25 and 1.5 gVS.L-1. d-1 during 1st, 2nd and 3rd HRT cycles, 
respectively.  Due to pH decrease to pH value < 7 in the Pair 1, Pair 2 and Pair 3 reactors on 
day 30, a mixture of ash-extracts from empty palm fruit bunch and empty plantain peels 
(EPP) was used to provide buffering for the reactors from day 31 – 58. No buffer or ash-
extract supplements were added between day 59 – 66 of the 3rd HRT cycle.  Physical and 
chemical characteristics of the reactors and their contents including temperature, pH, solids 
(VS and TS), total chemical oxygen demand (CODT), ammoniacal nitrogen (NH4
+-N), total 
Kjeldahl nitrogen (TKN), volatile fatty acids (VFAs) as described in the standard methods for 
the examination of water and wastewater (APHA., 2005) (Table 3-8 in Section 3.5).  The 
biogas volume and composition were monitored and measured following the methods 
described the German Standard Protocol (VDI. 4630, 2006) (Section 3.4.2). 
Table 6-2  Operating conditions, Organic loading rates, hydraulic retention time (HRT) and 
dosing days 
 
6.2 Results and discussion 
6.2.1 Temperature and pH 
Pair 1, Pair 2 and Pair 3 reactors were operated at 27, 37 and 47 C (Section 6.1.2), 
respectively, and temperatures fluctuated within ± 0.5  C of the setpoint. A previous study by 
Drosg (2013) has reported that the recommended temperature variation during the AD process 




Figure 6-1  Variation of pH in the Pair 1, Pair 2 and Pair 3 reactors under psychrophilic 
(27 C), mesophilic (37 C) and thermophilic (47 C) temperature conditions and organic 
loading rate over time. Values are the means from duplicate reactors within a reactor pair, 
green arrows indicate periods of supplementation with ash-extract (A - B), and no 
supplementation (O – A and B – C) 
However, no noticeable effect was observed due to these small temperature fluctuations. 
From day 1 – 30, the pH recorded inside the Pair 1 reactors varied between 6.85 – 7.74, with a 
mean pH 7.16, Pair 2 reactors varied between pH 6.72 - 7.75 with a mean pH 7.34, while Pair 
3 reactors varied between pH 6.91 - 7.79 with a mean pH 7.44 (Figure 6-1). The standard 
deviation of pH values in all reactors ranged between 0.22 – 0.26. Within the 2nd HRT (day 
31 – 46), the mean pH recorded in all reactors became much more constant with values of pH 
6.98, 7.01 and 7.05 in Pair 1, Pair 2 and Pair 3 reactors, respectively. This was achieved due 
to the addition of biomass extracts which provided enough alkalinity to maintain the pH 
within the optimum (near neutral) range from point A to B (Figure 6-1).  The ash-extract 
supplement was only dosed into of the Pair 1, Pair 2 and Pair 3 reactors whenever the pH in 
any of the reactors starts decreasing towards a pH value < 7, between day 31 – 58 (Figure 
6-1). According to de Lemos Chernicharo (2007), maintaining pH within the range of pH 6 – 
8 is necessary for providing stability to the AD process, and maintaining pH range between 
pH 6.6 and 7.4 enables methanogenic archaea to achieve their optimum growth.  However, 
due to the stability of the all the reactors because of supplementation with the ash-extracts, 
dosing of ash-extract was stopped from day 59 – 66 which is represented by point BC in 
Figure 6-1.   
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During the 3rd HRT (day 47 – 66), the mean pH recorded in the Pair 1, Pair 2 and Pair 3 
reactors were pH 6.98, 7.00 and 7.02, respectively, all being within the optimum pH range.  
Statistical correlational analysis showed that the pH of the reactors within each of Pair 1(R1 
and R2). Pair 2 (R3 and R4), and Pair 3 (R5 and R6) had a strong R2 value > 0.97. However, 
between the pH in reactor Pairs (Pair 1 and Pair 2; Pair 1 and Pair 3; Pair 2 and Pair 3), a 
Paired samples T-tests showed that the difference between the mean pH of Pair 2 and Pair 3 
reactors was not statistically significant (p> 0.05), whereas, the same test indicated that the 
differences between the mean of the pH between Pair 1 and Pair 2 or between Pair 1 and Pair 
3 reactors were statistically significant (p<0.05).  These results suggest that temperature 
significantly influences the pH in the AD reactors, especially for the psychrophilic AD 
processes, relative to the mesophilic and thermophilic conditions. Although, no previous 
study known to the author exists on the effects of temperature on pH (Figure 6-1), however, 
Stolp (1988) reported that psychrophiles have a large content of unsaturated low-melting 
point fatty acids.  Similarly, Hai et al. (2013) stated that during the psychrophilic process, 
long chain acids and alkanes become recalcitrant.  Therefore, the large content of unsaturated 
acids, the formation of long-chain acids and alkanes could be the responsible for the low pH 
observed in Pair 1 (psychrophilic) reactors in the current study. 
6.2.2 Effect of organic loading rate on volatile solids destruction in CSTR 
Figure 6-2 shows the variation in the organic loading rate, OLR (gVS.L-1.d-1) and the 
percentage destruction of volatile solids, VS (%) in the Pair 1, Pair 2 and Pair 3 reactors from 
day 1 – 66).  With the organic loading rate increasing in the Pair 1, Pair 2 and Pair 3 reactors 
from 1.0, 1.25 and 1.50 gVS.L-1.d-1 corresponding to 1st, 2nd and 3rd HRT cycles (Table 
6-2), the VS destruction in the reactors ranged from 47 – 59%, 55 – 68% and 53 – 71% 





Figure 6-2  Variations in the organic loading rate and the percentage destruction volatiles 
solids (VS) (%) in the Pair 1, Pair 2 and Pair 3 reactors from day 1 – 66. Values are the means 
from duplicate reactors within a pair, OLR is the organic loading rate as stated in Table 6-2. 
Furthermore, the overall mean VS destruction in the reactors from day 1- 66 in the Pair 1, Pair 
2 and Pair 3 reactors was 55, 61 and 64%, respectively (Figure 6-2). These results also agree 
with previous results in the current study where it was shown that the VS destruction in the 
thermophilic reactors was higher than that of the mesophilic reactors (Sections 4.2.2). The 
reasons for the better VS destruction in the thermophilic reactors compared to the mesophilic 
reactors has also been discussed in detail in Section 2.7.1.  However, it was found that the 
increase in the rate of VS destruction in the Pair 2 and Pair 3 reactors, coincided with the 
periods of increased SMP and VMP in those reactors, compared to the Pair 1 reactors (Figure 
6-7). The lower VS destruction in the Pair 1 reactors also corresponded with the higher VFA 
concentration in the reactors (Figure 6-4) and higher CODT. These results suggest that most of 
the hydrolyzed biomass feedstocks (measured as CODT), in Pair 1 reactors were not 
efficiently being converted to biogas due to the accumulation of VFA, which would explain 
why the reactors produced lower volumes of methane and biogas compared to Pair 2 and Pair 
3 reactors. As suggested in Section 2.7.6, increase in OLR at lower temperatures would 
require longer retention time to achieve higher methane productivity, and based on the results 
from the current study, it is evident that the solubilization of the substrates and the activities 
of the microbes which convert the solubilized materials to intermediate products and biogas, 
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are slower at low temperatures. This conclusion agrees with that of Hai et al. (2013) who 
reported that, despite the presence of long chain acids and alkanes in their psychrophilic 
reactors, they still achieved satisfactory AD process by using a high solid retention time 
(SRT), which compensated the low activity of the microbes at low temperature. The higher 
VS destruction in the Pair 3 (thermophilic) reactors also agrees with several researchers who 
have reported that thermophilic AD processes achieve high organic matter removal rate 
compared to the mesophilic reactors due to the increase in reaction rate with temperatures 
(Ferreira, 2013; Micolucci et al., 2018).  
6.2.3 Effect of HRT on the chemical oxygen demand (CODT), total Kjeldahl N (TKN), 
and ammoniacal-N in the CSTR 
The original CODT in the seeding sludge (inoculum) was 18,752 mg. L
-1 during start-up.  On 
day 7, this COD had increased to 21,800, 23,500 and 23,462.5 mg.L-1 for Pair 1, Pair 2 and 
Pair 3 reactors respectively, due to the daily feeding (in fed-batch mode rather than 
continuous mode) of the reactors with biomass feedstock at OLR of 1.0 gVS.L-1.d-1 (Figure 
6-3). However, during the 2nd HRT (day 26 - 46), when operated in a continuous mode, 
increasing OLR from 1.0 to 1.25 g.L-1.d-1 caused the mean CODT in the Pair 1, Pair 2 and Pair 
3 reactors to increase from 10,054 to 12,779 mg.L-1, 10,454 to 11,808 mg.L-1, and 9,754 to 
11,052 mg.L-1, respectively.   
Figure 6-3  shows the variation of mean total chemical oxygen demand, total Kjeldahl 
Nitrogen (TKN) and ammoniacal nitrogen in the Pair 1, Pair 2 and Pair 3 reactors from day 1 





Figure 6-3  Variation of mean total chemical oxygen demand(𝐶𝑂𝐷𝑇), total Kjeldahl Nitrogen 
(TKN) and ammoniacal nitrogen (NH4+-N) in the Pair 1, Pair 2 and Pair 3 reactors with time. 
Values are the means from duplicate reactors within a pair (Table 6-2).   
However, at the 3rd HRT cycle, a further increase in OLR to 1.5 gVS.L-1. d-1 had a higher 
impact on the CODT contents in the Pair 1 and Pair 3 reactors, compared to the Pair 2 reactors 
(Figure 6-3). For instance, from day 45 to 60, the CODT in Pair 1, Pair 2 and Pair 3 reactors 
increased from 12,779 to 15,902 mg. L-1; 11,804 to 12,677 mg. L-1, and 9754 to 15,727 mg. L-
1, respectively.  It was also found that on day 60, that increase in OLR resulted to higher 
concentrations of CODT, up to 7% in the psychrophilic and 3% in thermophilic reactors, 
compared to the mesophilic reactors. These observations coincided with periods during which 
there was a decrease in VS destruction (Figure 6.2), a decrease in biogas/methane production 
(Figure 6-6), and an increase in VFA accumulation (Figure 6-4). The accumulation of VFA 
was more evident in the psychrophilic reactors during the 3rd HRT cycle when the OLR was 
increased to 1.5 gVS.L-1. d-1. These changes in the psychrophilic and thermophilic reactors 
suggest that these reactors were affected substantially by the increasing OLR condition at 
certain periods during the digestion of lignocellulosic biomass. The high percentage of CODT 
found in the psychrophilic reactors also suggests that the rate of conversion of the CODT to 
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biogas was slower at the low temperature, and that this was responsible for the lower rate of 
biogas production, compared to the mesophilic and thermophilic reactors. 
From Figure 6-3,  after starting-up the reactors, the mean concentration of NH4
+-N in the Pair 
1, Pair 2 and Pair 3 reactors, from HRT 1 and HRT 2 (day 7 – 46), decreased from 1,580 to 
266 mg.L-1; 1,542.5 to 350 mg.L-1, and 1,542.5 to 427 mg.L-1, respectively. Thus, from HRT 
1 to the end of HRT 2, the initial ammonium-N contents in Pair 1, Pair 2 and Pair 3 reactors 
which were lost/washed-out, were 83%, 77% and 72%, respectively. However, during the 3rd 
HRT cycle (day 47 – 66), an increase in the OLR from 1.25 to 1.5 gVS.L-1.d-1, caused the 
concentration of NH4
+-N to gradually increase in the Pair 1, Pair 2 and Pair 3 reactors from of 
266 – 756, 350 - 380 and 427 – 462 mg.L-1, respectively, on day 66 (Figure 6-3). Ammonium 
ions in addition to providing buffering capacity in AD reactors, also serve as a vital source of 
nitrogen for bacterial cells (Gerardi, 2003). A number of researchers have also reported that 
ammonia nitrogen is beneficial to anaerobic microbes when it present at concentrations of 50 
to 200 mg.L-1 when at neutral pH (Drosg, 2013; Gerardi, 2003; Lue-Hing, 1998). In the 
current study, the mean ammonium nitrogen contents in Pair 1, Pair 2 and Pair 3 reactors for 
both 2nd and 3rd HRTs were 571.78, 476.46 and 491.2 mg. L-1, respectively, all values being 
above the beneficial ranges. However, the reactors did not experience ammonia inhibition, 
probably because the ash-extract supplementation in the reactors provided an adequate 
amount of alkalinity to maintain a neutral pH, and this would have prevented the release of 
free ammonia (NH3) from the ammonium–N from the reactors.   
The mean concentration of the total Kjeldahl nitrogen (TKN) in the AD reactors from 1st HRT 
to the end of 2nd HRT decreased from 1,890 to 1,381 mg.L-1 in the Pair 1, 1,894 to 1,255 
mg.L-1 Pair 2 and 1,897 to 1,033 mg.L-1 Pair 3 reactors, respectively (Figure 6-3).  This means 
that only 27%, 34% and 46% of the original TKN concentration was lost over these two HRT 
periods. The loss in TKN was less than the loss of ammoniacal-N because TKN consists of 
both the organic and the inorganic forms of nitrogen, and therefore some of the nitrogen may 
have been bound within the recalcitrant structures of the lignocellulosic biomass.  Throughout 
the 3rd HRT cycle, the values of the TKN for each pair of reactor's conditions remained 
relatively constant until the end of the experiment. 
6.2.4 Effects of volatile fatty acids (VFA) concentration on the CSTR  
It was observed that all the reactors had their highest VFA concentrations between day 1 and 
day 7, possibly due to the initial concentration of VFA in the inoculum, and the further VFA 
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built-up during the initial fed-batch operating mode (Figure 6-4). Although for each condition 
tested, the reactors were operated in pairs, however, the results from the analysis of samples 
from the reactors showed that each individual reactor has its unique VFA content. For the pair 
1 reactors, in reactor R1, the four types of VFA detected were propionate, acetate, isobutyrate 
and butyrate.   Specifically, in R1 between day 7 and day 45, the initial concentrations 
propionate ranged between 356 – 457 mg.L-1, and this increased substantially to 918 mg.L-1 
on day 60 (Figure 6-4).  Similarly, for the isobutyrate, the highest concentrations detected 
were on days 0 and day 60, with concentrations of 420 and 229 mg. L-1, respectively. In the 
case of acetate, the maximum concentrations were recorded on day 7 and day 60 at 842.9 and 
330. 6 mg. L-1, respectively.  The second CSTR reactor (R2) also produced acetate, butyrate, 
isovalerate, propionate and valerate, with maximum concentrations of acetate produced on 
day 7 and day 60 being 968 mg. L-1, and 10, 25.6 mg.L-1, respectively (Figure 6-4).  
 
Figure 6-4  Volatile fatty acids concentration in Pair 1 psychrophilic (27 C), Pair 2 
mesophilic (37 C) and Pair 3 thermophilic (47 C) CSTRs. Values are the means from 
duplicate reactors within a pair (Table 6-2) 
The VFA concentration decreased over time following the addition of ash-extract 
supplements but started to accumulate during 3rd HRT due to the high OLR.  Higher 
propionate-to-acetate ratio (P:A) ratios were detected in R2 on days 7, 38, 45 and 60 were 
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1:1.9, 1:1, 1:0.4 and 1:0.9 mg.L-1 respectively, whereas for the reactor, R1, the highest values 
were only recorded on day 7 and day 60, and these were 1:2.2 and 1:0.4, respectively. 
According to Ferreira (2013), a high concentration of acetate inhibits propionate acetogenesis, 
butyrate acetogenesis and acetoclastic methanogenesis, while propionate accumulation 
inhibits methanogenesis.  Felchner-Zwirello (2014) also reported that acetic acid inhibits 
propionate degradation in AD reactors.as shown in Figure 6-5 Inhibiting effects of acetic acid 
on propionate degradation rates mM = mmol. L-1.Figure 6-5,  
 
Figure 6-5 Inhibiting effects of acetic acid on propionate degradation rates mM = mmol. L-1. 
Adapted from Felchner-Zwirello (2014). 
Thus, the high P:A ratios in Pair 1 reactors suggest that the high concentration of acetate in 
the reactors and the low propionate degradation rate were the key rate-limiting steps in those 
reactors. Consequently, this led to a lower volume of biogas being produced by the R1 and R2 
reactors compared to the reactors in Pair 2 and Pair 3 (Figure 6-8), because the accumulation 
of VFA caused a significant drop of pH in reactors R1 and R2. A drop in pH leads to the 
accumulation of acetate due to the inhibition of methanogenesis and that explains why 
Kosseva (2013) reported that acetogenesis plays an important role in AD process. According 
to Hill et al. (1987), P: A ratio of 1:1.4 or propionate concentration above 800 mg. L-1 
indicate impending digester failure.  However, since the Pair 1 reactors in the current study 
had peak P:A values of 1:1.9 and 1:2.2 which exceeded the P:A ratio of 1:1.4, and yet did not 
fail, it implies that the addition of ash-extracts as supplement to these reactors was responsible 
for their sustenance. 
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For the Pair 2 reactors (R3 and R4) at 37 C, the VFA that was detected throughout the 
experiment was isobutyrate, and its concentration decreased gradually across all the 3 HRTs 
(day 1 – 66). For instance, the concentration of isobutyrate decreased from 235.9 - 16 mg. L-1 
in R3 and 550.5 to 17.8 mg. L-1 in R4, respectively. Acetate and propionate were also detected 
but only on the day 7 and day 60 at concentrations of 73.6 and 210 mg. L-1 in R3; and 69.8 
and 73.8 mg. L-1 in R4.   These results suggest that the mesophilic reactors were very efficient 
in maintaining a good balance between the acidogenic and acetogenic stages during the AD 
process. In addition, these pair 2 reactors had a P:A ratio <1:0.01 which is a strong indicator 
of the process stability and performance.  The process stability and performance achieved in 
the Pair 2 reactors agree with several researchers who have reported that mesophilic reactors 
achieve higher process stability and require lower energy input compared to thermophilic 
reactors (Ferreira, 2013; Sani & Rathinam, 2018). However, the last P:A ratio recorded in R3, 
which had a value of 1:4.9 was due to the sudden VFA build-up caused by the failure of the 
PID temperature controller. Figure 6-6 shows the distribution of the total VFA concentrations 
in the Pair 1, Pair 2 and Pair 3 AD reactors at the different temperature conditions. 
 
Figure 6-6  Total VFA concentrations in the Pair 1, Pair 2 and Pair 3 AD reactors at the 
different temperature conditions. Values are the means values of the VFA from individual 
reactors within a pair. (Reactor temperatures as defined in Table 6-2). 
In the Pair 3 reactors (R5 and R6), the three VFA's detected inside the reactors were acetate, 
isobutyrate and propionate (Figure 6-6).  In reactor R5, the highest concentrations of acetate 
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were detected on day 0, day 7 and day 60 and the values were 663.4, 118.7 and 208.0 mg.L-1, 
respectively (Figure 6-4). Similarly, in R6, the concentrations of acetate detected on day 0, 
day 7 and day 60 were 538.3, 1,091.9 and 142.4 mg. L-1, respectively. For days 0, 7 and 60, 
the P:A ratios were R5 (1:10, 1:0.38 and 1:5.8) and R6 (1:13, 1:4.3 and 1:5.7), respectively. 
Lee et al. (2016) reported that propionate and isobutyrate acids exhibit inhibitory effects on 
methanogenic microorganisms, and therefore should be kept at a very low concentration to 
increase the stability of an AD process. Thus, the high concentrations of VFAs and the high P: 
A ratios recorded in the pair 3 reactors strongly suggest that just like the psychrophilic 
reactors, that the unstable periods in the thermophilic reactors coincided with the time when 
there was accumulation of VFA during the start-up stage and during the HRT 3 cycle as result 
of increasing the OLR from 1.25 to 1.5 gVS.L-1.d-1.  These results agree with previous 
research which stated that thermophilic processes have a higher risk of process instability, 
compared to the mesophilic AD processes (Ferreira, 2013).  In addition to the benefits of 
thermophilic reactors describe in Section 6.2.2, the thermophilic process has also been 
reported to be better than the mesophilic process in terms of higher pathogen removal, faster 
process rates and higher substrates solubilisation (Ferreira, 2013; Sani & Rathinam, 2018; 
Schön, 2010; Tilak et al., 2010). 
6.3 Specific and volumetric specific methane production 
6.3.1 Overall methane content, specific methane production and volumetric methane 
production in the CSTR 
The mean concentration of methane gas produced by Pair 1, Pair 2 and Pair 3 reactors from 
day 1 – 66 were 51.8%, 54.7% and 52.7%, respectively. This clearly shows that overall, the 
Pair 2 (mesophilic) reactors produced biogas with the highest methane contents compared to 
Pair 1 and Pair 3 reactors.  The mean and cumulative values of the daily specific methane 




Figure 6-7  Mean specific methane production (SMP) and cumulative specific methane 
potential (SMP) for Pair 1, Pair 2 and Pair 3 reactors over time. Values are the means from 
duplicate reactors within a pair as defined in Table 6-2. The organic loading rate is presented 
in Figure 6-2. 
Statistically, there was a strong correlation between the mean SMP from reactors under each 
pair of temperature conditions, as in, Pair 1(between R1 and R2), Pair 2 (between R3 and R4) 
and Pair 3 (between R5 and R6) (R2 >0.86). From day 1 – 66 in Figure 6-7, in the Pair 1, Pair 
2 and Pair 3 reactors, on the average, the specific methane production (SMP) were 214.0, 
307.2 and 308.6 N mL CH4.g
-1VS added.d-1; while the volumetric methane production (VMP) 
was 260.0, 339.8 and 372.4 N mL CH4.L
-1.d-1, respectively. These results show that the 
specific methane production from the Pair 2 (37 °C) and Pair 3 (47 °C) reactors were 30 and 
31% higher than that of the Pair 1 (27 °C) reactors. Furthermore, a paired sample t-test also 
showed a p-value <0.05 between the mean SMP from Pair 1 and Pair 2, and also between Pair 
1 and Pair 3 reactors, which means that the difference between their mean SMP were 
statistically significant at a 95% confidence interval; whereas a comparison between Pair 2 
and Pair 3 showed a p-value >0.05, which indicates that the difference between their mean 




Figure 6-8  Mean volumetric methane production (VMP) and cumulative volumetric methane 
production (VMP) for Pair 1, Pair 2 and Pair 3 reactors over time. Values are the means from 
duplicate reactors within a pair as referenced in Figure 6-4. 
Similarly, the volumetric methane production (VMP) from the Pair 2 and Pair 3 reactors were 
23 and 30% higher than that of the Pair 1 reactors (Figure 6-8). The correlation between Pair 
1 and Pair 2; Pair 1 and Pair 3 and Pair 2 and Pair 3 were all strong and positive with an R2 
value of 0.73, 0.65 and 0.81 respectively. Surprisingly, statistically analysis using paired 
samples t-test showed that the difference between the mean VMP when comparing between 
Pair 1 and Pair 2; Pair 1 and Pair 3, and Pair 2 and Pair 3 reactors, were all statistically 
significant (p<0.05). These results probably suggest that the volumetric methane production 
(VMP) from the individual pair of reactors were influenced at different rates because of the 
increase in organic loading rates. 
6.3.2 Effect of increase in organic loading rate from 1.0 to 1.25 gVS. L-1. d-1 on the 
specific and volumetric methane potential during 2nd HRT in the CSTR 
During the 2nd HRT (day 26 – 46), when OLR was increased from 1.0 to 1.25 gVS.L-1. d-1, the 
mean percentage concentrations of methane across for the Pair 1, Pair 2 and Pair 3 reactors 
were 57.7%, 57.2% and 56.0% respectively. Figure 6-9 shows the mean specific methane 
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production (SMP) and volumetric methane production (VMP) during the 2nd HRT cycle (day 
26 – 46).   
 
Figure 6-9  Mean of specific methane production (SMP) and mean of volumetric methane 
production (VMP) for the Pair 1, Pair 2 and Pair 3 reactors from day 26 – 46 (2nd HRT). 
Values are the means from duplicate reactors within a pair as defined in Table 6-2 and Figure 
6-7. 
Within this 2nd HRT period, the SMP from the Pair 1, Pair 2 and Pair 3 reactors were 261.6, 
323.7 and 303.6 mL CH4.g
-1VS added .d-1 while the VMP from the reactors were 331.4, 367.9 
and 385.5 N mL CH4.L
-1.d-1, respectively. These results indicate that the SMP of Pair 2 and 
Pair 3 reactors were 24 and 16% higher than the Pair 1 reactors, whilst their volumetric 
methane production was also 11 and 16%, respectively, higher than the Pair 1 reactors. A 
paired samples correlation analysis of the mean SMP between the paired reactors (Pair 1 and 
Pair 2; Pair 1 and Pair 3, and Pair 2 and Pair 3) showed a positive correlation with R2 values 
of 0.90, 0.58 and 0.69 respectively. A similar comparison of the VMP also showed a positive 
correlation with R2 values of 0.83, 0.48 and 0.59 respectively. However, further analysis of 
the mean SMP or VMP between Pair 1 and Pair 2 reactors, or Pair 1 and Pair 3 reactors using 
paired sample t-test showed a p-value < 0.05 in each case; while a similar comparison 
between Pair 2 and Pair 3 showed a p-value> 0.05.  These results imply that whereas the 
mean SMP or VMP between the Pair 2 (mesophilic) and Pair 3 (thermophilic) reactors are 
comparable, the difference between these mean SMP and that of the psychrophilic AD 
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processes differ in terms of their statistical significance. The results also indicate that the 10 
C difference in temperature between the Pair 2 and the Pair 3 reactors had no significant 
impact on the methane productivity, whereas it had a serious impact when comparing the 
methane productivity between the psychrophilic and mesophilic reactors. These results agree 
with a previous report about AD plant in India where it was found that lower mesophilic 
temperature or psychrophilic temperature range adversely affected methane production in the 
AD plants during winter months (Tilak et al., 2010). 
6.3.3 Effect of increase organic loading rate from 1.25 to 1.5 gVS. L-1.d-1 on the specific 
and volumetric methane production during 3rd HRT in the CSTR 
During the 3rd HRT cycle (Table 6-2), with an increase in OLR from 1.25 to 1.5 gVS.L-1.d-1, 
(day 48 – 66), the mean values of the methane composition (%) in the biogas from the 
reactors at the three temperatures for the Pair 1, Pair 2 and Pair 3 reactors were 50.8%, 55.7% 
and 56.6% respectively. The SMP produced by the Pair 1, Pair 2 and Pair 3 reactors were 
205.4, 320.0 and 316.9 mL CH4.g
-1VS added.d-1; while the mean VMP from the reactors were 
also 308.1, 398.2 and 475.3 N mL CH4.L
-1.d-1, respectively (Figure 6-10).  These results show 
that the specific methane production (SMP) from the Pair 2 and Pair 3 reactors were 36 and 
35% respectively, higher than that of the Pair 1 reactors; while that from Pair 2 reactors were 
only 1% higher than Pair 3 reactors.  Similarly, the volumetric methane production (VMP) 
from the Pair 2 and Pair 3 reactors were also 22 and 35% respectively, higher than that of the 
Pair 1 reactors; while conversely, the VMP from Pair 3 reactors exceeded that from Pair 2 
reactors by 16%. These higher SMP and VMP from Pair 2 and Pair 3 reactors compared to 
Pair 1 reactors used in the current study followed the same trends observed in Sections 6.3.1 
and 6.3.2 respectively. Research has shown that thermophilic AD reactors can achieve high 
degradation of organic waste to produce high volume of biogas even at high OLR and short 
HRT compared to mesophilic AD reactors (Schön, 2010; Tilak et al., 2010). This might be 
why the thermophilic AD reactors used in the current study had better performance compared 
to their mesophilic counterpart under increased OLR condition. The instability of the 
thermophilic reactors at higher loading may have also been reduced by supplementation of the 
reactors with ash-extracts A statistical paired samples correlation between the mean SMP of 
Pair 1 and Pair 2 reactors showed that there was no correlation (R2 = 0.03) between the 
specific methane production in the two reactors. However, there was a positively moderate 
correlation between the mean SMP between Pair 1 and 3 (R2 = 0.44) and positive strong 





Figure 6-10  Mean of specific methane production (SMP) and mean of volumetric methane 
production (VMP) for the Pair 1, Pair 2 and Pair 3 reactors from day 47 – 66 (3rd HRT). 
Values are the means from duplicate reactors within a pair as defined in Table 6-2. 
Similarly, a comparison between the VMP of Pair 1 and Pair 2 reactors showed that a very 
weak correlation exists between the two pairs of reactors; whereas the VMP of Pair 1 and Pair 
3 showed were positive moderately correlated (R2 = 0.44).  However, there was a strong and 
positive correlation between the mean VMP of Pair 2 and Pair 3 reactors.  These results also 
show that the SMP from the Pair 2 and Pair 3 reactors were very comparable but was much 
different from the SMP from the Pair 1 reactors.  A possible explanation for these results 
could be that the anaerobic microbes were probably more active at the mesophilic and 
thermophilic temperature ranges compared to the upper psychrophilic temperature range (27 
C) at which Pair 1 reactors were operated, that also supports the reason given in Section 
6.3.2.  However, the only difference between the correlation between the Pair 1, Pair 2 and 
Pair 3 reactors was that, in terms of VMP, the R2 values for the correlation between Pair 1 
and Pair 2; Pair 1 and Pair 3 and Pair 2 and Pair 3 reactors were 0.12, 0.44 and 0.72 
respectively. As expected, the results from the paired samples t-tests showed that the 
difference between the mean SMP from the Pair 1 and Pair 2; and between Pair 1 and Pair 3 
reactors were both statistically significant (p < 0.05); while the difference between the mean 
SMP from Pair 2 and Pair 3 reactors was not statistically significant (p > 0.05). However, the 
paired samples t-test showed that the difference between the VMP from Pair 1 and Pair 2; Pair 
1 and Pair 3, and Pair 2 and Pair 3 were all statistically significant (p < 0.05); which further 
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signifies that in terms of volumetric methane production (VMP), each pair of reactors 
responded distinctly and differently to increase the OLR based on its operational temperature. 
In the current study, the thermophilic reactors (Pair 3) were expected to produce higher SMP 
and VMP compared to the mesophilic and psychrophilic.  However, the difference between 
the SMP from the thermophilic and mesophilic was nearly the same across the three 
consecutive HRTs. One possible explanation of the results could be related to the rapid 
decrease in the growth rate of microbes when AD process temperature approaches 45 C as 
reported by Gray (2004).  According to Kim et al. (2002), the yield of thermophilic 
microorganisms per unit amount of substrate is lower due to their increase decay rate and 
because the cells under thermophilic are liable to undergo lysis, or due to the higher energy 
required to maintain specific molecular properties of the enzymes. However, the performance 
of the thermophilic reactors over the mesophilic reactors in terms of VMP could be attributed 
to their higher substrate utilization rate and higher microbial growth rate at higher 
temperatures. Based on the temperature coefficient, Q10 which assumes that the rate of biogas 
production will double at a temperature difference of 10 C (Nijaguna, 2006), however, such 
doubled rate was not achieved in the current study possibly because the activities of the AD 
microbes are restricted within certain temperature ranges. 
6.4 Conclusion  
To determine the effect of 10 °C degree differences in operating temperature of psychrophilic, 
mesophilic and thermophilic reactors on the specific methane production (SMP) and 
volumetric methane production (VMP) during the AD of a mixed lignocellulosic biomass 
feedstock 
Results showed that the SMP and VMP of the mesophilic and thermophilic reactors were 
comparable and were considerably higher than those of the psychrophilic reactor.  This was 
considered to reflect the lower activity of the methanogenic archaea in the psychrophilic 
reactor. Although the methane productivity in the mesophilic and thermophilic reactors was 
comparable, the thermophilic CSTR had a slightly higher VMP than the mesophilic reactors, 
which showed that methane production was temperature dependent to some degree but did not 





Chapter 7 Assessing biomass ash extracts as sources of buffer and 
trace nutrients supplements for improved CH4 production during the 
anaerobic co-digestion of cassava wastes and cattle slurry 
Abstract  
The current study involved the co-digestion of cassava processing wastes and cattle slurry in 
the ratio of 4:1 (in terms of VS) in six 5 L CSTR operated at a hydraulic retention time (HRT) 
of 20 d, an organic loading rate (OLR) of 1.0 gVS.L-1.d-1, and a temperature of 37 ± 0.5 °C. 
All six reactors were operated identically, in terms of HRT and OLR from day 1 – 64. During 
this period, the pH in all the CSTR decrease gradually from pH 7.67 – 7.0 without the need 
for ash supplementation (no alkali source), except for day 43 – 50 when ash supplements were 
added as a source of alkalinity to control the pH in all CSTR which had decreased slightly 
below pH 7 due to a power cut. On day 65, the six reactors were operated separately as three 
different pairs.  Pair 1 (Control) reactors continued operation without supplementation, Pair 2 
reactors continued running but with the addition of empty palm bunch ash-extracts 
supplement, while Pair 3 reactors were supplemented with ash-extract from the empty cocoa 
pod (ECP).  The results showed that from day 25 – 65, the Pair 1, 2 and 3 CSTR achieved a 
mean VS destruction of 83, 86 and 85% VS; a mean specific methane production (SMP) of 
284.0, 258.3 and 284.7 N mL CH4.g
-1VS added.d-1, and methane content of 55.8%, 55.7% and 
56.4% respectively, indicating all reactors performed very similarly. However, from day 65 – 
85, the Pair 1, 2, 3 reactors achieved a mean SMP of 79.3, 258.1 and 297. 3 N mL CH4.g
-1VS 
added. d-1 respectively, and correspond to methane contents of 24.6%, 56.7% and 57.0%, 
respectively.  This means that from day 65 – 85, the efficiency of methane production by the 
Pair 3 reactors was 73 and 13% respectively, higher than of the Pair 1(unsupplemented) and 
Pair 2 (ECP supplemented) CSTR. The Pair 1 reactors finally failed around day 78 due to 
VFA accumulation. The difference in the performance between Pair 2 and Pair 3 reactors was 
only due to an electrical fault in the temperature controller in the reactor, R4 which is one of 
the Pair 2 rectors. The propionate-to-acetate (P:A) ratio in the unsupplemented Pair 1 reactors 
also varied from 1:2.1 – 1:3.2, with acetic acid concentrations ranging between 2,262 – 8,917 
mg.L-1, while its FOS:TAC ratio ranged from 0.2 – 1.4 when the reactors were failing. 
However, the addition of EPB ash-extract to Pair 1 reactors from day 78 – 85 improved the 
pH and the performance of the reactors, and this change, together with the stability achieved 
in the supplemented Pair 2 and Pair 3 reactors, strongly suggests that ash-extracts can serve as 
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a sustainable source of low-cost alkalinity and trace elements for the maintenance of CSTR 
stability and enhancement of methane yields. 
Keywords:  Anaerobic digestion, continuously stirred tank reactors (CSTR), cassava wastes, 
cattle slurry co-digestion, low-cost supplementation specific methane production (SMP)  
 
Objectives 
The objectives of the current study were: 
• To determine the effectiveness of empty palm fruit bunch (EPB) and empty cocoa pod 
(ECP) ash-extracts in providing alkalinity and buffering for the maintenance of pH 
within the optimum range for AD processes. 
• To determine whether EPB and ECP ash-extract supplements can maintain steady-
state conditions in continuous AD reactors over extended operating periods.  
• To determine whether ash-extract supplements can restore the activity of AD reactors 
that are exhibiting a declining or failing performance. 
 
7.1 Materials and methods 
7.1.1 Materials  
The source of the cassava wastes, and the inoculum used for the current study, including the 
methods used in preparing and preserving them prior to this experiment has been described in 
Section 3.1. The final co-digestion feed comprising of the cassava processing waste and cattle 
slurry was prepared by mixing both wastes (cassava: cattle slurry) in the ratio of 4:1 (in terms 
volatile solids) based on their equivalent dry weights. A summary of the composition of the 
biomass feedstock and the inoculum are presented in Table 7-1. The biomass composition 





Table 7-1   Composition and properties of inoculum and cassava waste used for the study 
 




The six continuously stirred tank reactors (CSTR) used for this study were set up following 
the procedure described in Session 3.5. All the reactors were operated at a mesophilic 
temperature (37 ± 0.5 ºC) and at an HRT of 20 d. The reactors were first acclimatized from 
day 1 – 5 using an organic loading rate (OLR) of 1.0 gVS.L-1. d-1.  After acclimatization, all 
the reactors were daily fed at same OLR from day 6 – 64 without the addition of ash-extract 
supplements to any of the reactors.  The aim was to identify the point from which all the 
reactors showed declining performance and required supplements to enable them to maintain 
their stability and steady-state conditions. This would establish whether the use of ash-extract 
supplements could be used as potential low-cost alternatives to commercial additives and 
maintain the performance of anaerobic digesters. From day 65, all the reactors had lost over 
85% of their ammonium–nitrogen (contributed by the inoculum) leading to a pH drop in all 
the six reactors to pH < 7.  On the same day, the six (6) reactors were grouped into three (3) 
pairs.  Pair 1 (R1and R2) were the control and continued operating without supplementation, 
except for short period day 43 – 50, when ash-extracts were added to all the reactors in order 
to restore their pH to the same level before their categorization. From day 65 – 85, Pair 2 (R3 
and R4) were supplemented with Cocoa pod ash-extract (ECP) at a dosing rate 20 ml per day, 
while Pair 3 (R5 and R6) were supplemented with Empty palm bunch ash-extracts also at a 
dosing rate of 20 mL per day, and these ash-extracts were prepared as described in Section 
3.2. The ash-extract supplements were added to the reactors to restore pH to the range of 6.8 – 
7.2, whenever pH drop was observed. These alkaline ash-extracts were prepared as previously 
described in Section 3.2 and were used as potential low-cost supplements to provide buffering 
and trace nutrients for these reactors. The variations in pH, volatile solids destruction (%), 
alkalinity, COD, TKN, ammonium-N, volatile fatty acid concentrations and biogas volumes 
and compositions were measured as summarized in Table 3-8. 
7.2 Results and discussion 
7.2.1 Characterization of the biomass feedstock and the carbon-to-nitrogen ratio 
The characterization of the biomass feedstocks used for the present study and the elemental 
composition of the biomass ash-extracts are presented in Section 3.2 (Table 3-1 and Table 3-
2), respectively. Data from elemental analysis and X-ray diffraction ( 
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Figure 3-1, 3-2, 3-3 and Table 3-4) also showed that these biomass ash-extracts were very 
high in potassium (K2CO3 and KHCO3), and that they also contained essential trace nutrients, 
which implies that they might serve as good sources of bicarbonate alkalinity and trace 
elements for the maintenance of reactor stability and for the optimization of the AD process. 
According to Gerardi (2003), supplements that release bicarbonate alkalinity directly into the 
AD process mixture are desirable because methanogenic archaea require bicarbonate 
alkalinity for their optimum function.  Korres (2013) also reported that trace nutrients act as 
co-factors in enzymes, and thus are essential for the microbial metabolism. The same author 
reported that lack of adequate trace elements during AD process can lead to malfunction of 
key enzymes of methanogenic archaea, which could result in complete cessation of 
methanogenesis, a decline in biogas formation and acidification of the reactor contents due to 
VFA accumulation.  Thus, the high bicarbonate and trace element content in biomass ash-
extracts (Table 3-4), suggests that they could potentially substitute commercial reagents for 
the optimization of the AD process. 
An important factor in selecting suitable feedstocks was the carbon-to-nitrogen (C:N) ratio of 
the materials. This was important because carbon is the main component of organic waste 
which bacteria digest to release CH4 and CO2, however, the microbes also require nitrogen for 
their metabolic activities, especially for the synthesis of new biomass (Korres, 2013; Mital, 
1997).   The C:N ratio in the cassava wastes and the cattle slurry were 86: 1 and 8: 1, 
respectively. These values are not compatible individually for mono-digestion which needs a 
C:N ratio of 20 – 30: 1 for stable biogas production (Demirbas, 2008; Soni, 2007). The high 
C:N ratio of cassava waste indicates its nitrogen content is very low, which implies that the 
nitrogen will be exhausted before the carbon is completely digested. Similarly, the low C:N 
ratio in the cattle slurry means that it has a high concentration of nitrogen, which suggests that 
an AD reactor utilizing cattle slurry as a mono-substrate could fail due to ammonia inhibition.  
From the information obtained after compositional analysis, a mixture of cassava waste and 
cattle slurry in the ratio of 4:1 (in terms of VS) produced a co-digestion feedstock with a C:N 
ratio of 32:1, which contributed to the stability of all the reactors from day 5 – 65 without any 
supplementation. The reactor stability (Figure 7-8) achieved from the mixed cassava wastes 
and cattle slurry feedstock shows that co-digestion can improve both the nutritional balance 
and the stability of AD reactors.  The result agrees with Khairuddin et al. (2015), who 
reported achieving 78% improvement and good process stability in methane production 
during the co-digestion of household wastes and cow manure in AD reactors. Cook et al. 
(2017), also reported that co-digestion increased operational stability and resources recovery 
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during anaerobic digestion compared to mono-digestion. However, they pointed out that co-
digestion can lead to operational complexity, and that it can also suffer nutrient imbalance and 
ammonia inhibition in the same way as mono-digestion. 
. 
7.2.2 Organic loading rate and volatile solids destruction 
Figure 7-1 shows the mean values mean of the concentration and mean destruction (%) of 
volatile solids. Pair 1, Pair 2 and Pair 3 reactors respectively.    
 
Figure 7-1  Mean volatile solids concentration, and mean volatile solids destruction (%), of 
Pair 1, Pair 2 and Pair 3 reactors over time.   Dest. refers to the destruction of volatile solids  
From day 7 – 64, each of Pair 1, Pair 2 and Pair 3 reactors achieved a mean VS destruction of 
83, 86 and 85%, respectively.  This was very high and comparable to the VS destruction of 
88.25 ± 0.03% achieved by previous studies by Glanpracha and Annachhatre (2016) by co-
digesting cassava pulp with pig manure.  However, the high level of VS destruction for the 
co-digested cassava waste and cattle slurry in the Pair 1, Pair 2 and Pair 3 reactors from day 7 
– 64 in the current study was almost certainly due to the easy biodegradability of cassava, as 
discussed in Section 2.4.2, and that of cattle slurry, as well as the low organic loading rate. 
However, from day 65 – 85, Pair 1 reactors (control) had a higher VS accumulation (Figure 
7-1), and lower VS destruction compared to Pair 2 and Pair 3 reactors (both supplemented 
with ash-extracts). The increase in VS accumulation in the Pair 1 (control) reactors was linked 
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to a decrease in pH (Figure 7-4), alkalinity (Figure 7-6), biogas production and methane 
content (Figure 7-7 and Figure 7-8) and to an increase in VFA accumulation (Figure 7-6), 
which were the direct opposite of observations in Pair 2 and Pair 3 reactors. Evidence from 
Figure 7-1 suggests that there was VS accumulation in the Pair 1 reactors from day 65 – 85, 
probably due to the inhibition of the hydrolytic bacteria caused by the acidification of the 
reactors caused by the increasing VFA concentrations (Figure 7-5), and that caused Pair 1 
reactors to be overloaded (FOS:TAC ratio > 1.4: 1 (Figure 7-6), leading to a decrease in 
biogas production (Figure 7-7).  A study by Li et al. (2017) on the instability mechanism and 
early warning indicator for mesophilic AD reactors treating vegetable waste at OLR of 0.5, 
1.0 and 1.5 gVS.L-1.d-1 showed that process inhibition occurred at an OLR of 1.5 gVS.L-1.d-1. 
Thus, in addition to the benefits of co-digestion described earlier, the low OLR used in the 
current study may have also contributed to the stability observed in the operation of all 
reactors from day 7 – 64, including those without ash-extract supplementation. 
7.2.3 Reactor concentrations of ammoniacal nitrogen (NH4+-N), free ammonia (NH3), 
chemical oxygen demand (CODT), total Kjeldahl nitrogen (TKN) and pH 
The ammoniacal-N which was present in the AD reactors during start-up at a concentration of 
2,030 mg.L-1, came from the digested cattle slurry inoculum, most likely from the urea 
originally present in the undigested slurry. However, due continuous wash-out and 
volatilization, the concentrations of the original ammoniacal-N in Pair 1, Pair 2 and Pair 3 
reactors by day 36 had reduced by 79.7, 77.6 and 79.7%, respectively.  Figure 7-2  shows the 
variation in the mean concentrations of ammoniacal-N, total Kjeldahl nitrogen and organic 




Figure 7-2  Mean concentration of ammoniacal nitrogen (NH4
+-N), total Kjeldahl nitrogen 
(TKN) and total organic nitrogen (Organic-N) in the Pair 1, Pair 2 and Pair 3 reactors against 
time. 
The large reduction in ammoniacal-N concentration in the reactors shown in Figure 7-2 
resulted to a continual decrease in the pH inside reactors until the pH in the six reactors 
dropped to a value < 6.75 on day 65  (Figure 7-4), leading to a sharp decline in methane 
production in all the six reactors (Figure 7-7).  The response of the AD CSTR used in the 
current study to pH change agrees with Holland (2013), who reported that a sudden 
fluctuation in pH can inhibit gas production and precipitate failure of an AD digester.  
However, between day 62 – 65, the concentration of NH4
+-N in Pair 1, 2 and 3 reactors 
ranged from 16.1 – 51.8, 22.4 – 57.4 and 25.2 – 42 mg.L-1, respectively, is still within the 
acceptable range (i.e. 50 - 200 mg.L-1) reported by Gerardi (2006) as being beneficial to 
methanogens. However, between day 65 – 85, the Pair 1, 2 and 3 had lost 97, 99 and 99% of 
their original NH4
+-N content, respectively.  Interestingly, Pair 2 and Pair 3 reactors did not 
show signs of acidification because of the supplementation with biomass ash-extracts that 
commenced from day 65 onwards. However, within the same period (day 65 – 85), the non-
supplemented control reactors (Pair 1) failed completely (Figure 7-3) due to rapid 
acidification. 
The concentration of free ammonia inside the reactors (Figure 7-3) appeared to decrease in 
line with the pH of the reactors (Figure 7-4).  From day 1 – 42, the concentration of free NH3 
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varied from 88.7 – 2.7 mg.L-1 in Pair 1; 80.4 – 2.7 mg.L-1 in Pair 2 and 78.6 – 3.3 mg.L-1 in 
Pair 3 reactors, indicating the reactors lost 97%, 96% and 96%, respectively, of the initial free 
ammonia concentration inside the reactors at day 42.   
 
Figure 7-3  Free ammonia (NH3) in the Pair 1, Pair 2 and Pair 3 reactors with pH over time 
(See Equation 2-12) 
From day 43 – 85, the concentration of free ammonia remained relatively stable but at a value 
below 1.0 mg.L-1 in all the reactors, indicating nearly 100% of the original ammonia present 
during start-up had been washed out, corresponding to the near total loss of ammoniacal–N 
(Figure 7-2).  However, this loss in ammonia only resulted to a slight decrease in pH for Pair 
2 and 3 reactors (Figure 7-4), compared to the Pair 1 reactors, where the pH had decreased 
substantially to pH < 7. The large reduction in pH seen in Pair 1 (unsupplemented CSTR) 
with Varjani et al. (2018), who reported that total loss of ammonia/ammonium-N during the 
AD process signifies the loss of the primary source of the bicarbonate-ammonia buffering 
(alkalinity), which helps to control the pH and maintain process stability. Inasmuch as 
ammonia–N is beneficial nutritionally to microbes when present at the right concentration, on 
the contrary, free ammonia is toxic to the AD process microbes and can cause serious 
instability problems leading to process failure when present at high concentrations (Khedim et 
al., 2018; Nijaguna, 2006), particularly for free ammonia concentration above 80 mg.L-1  
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(Shah, 2014).  In the current study, however, there was no evidence of possible free ammonia 
inhibition in any of the reactors at any time (Figure 7-3), since all the concentrations 
measured were below the inhibition threshold, except the high concentration of ammonia-N 
recorded only during start-up (Figure 7-2). 
The total chemical oxygen demand (CODT) concentration in the reactors (Figure 7-4) 
indicates that the total COD content in the reactors decreased steadily from day 1 - 30, and 
then stabilized from day 31 – 62. This period of stability in the CODT concentration 
corresponds to the period during which all the reactors attained their pseudo-steady-state 
conditions, and when all the AD reactors had steady and similar biogas production rates, and 
the biogas had similar methane content (Figure 7-7 and Figure 7-8).  
 
Figure 7-4  Total chemical oxygen demand (CODT) and pH in the Pair 1, Pair 2 and Pair 3 
reactors over time 
Between day 1 – 64 (prior to the pH drop in Pair 1), it was observed that an increase CODT 
removal resulted to a corresponding increase in biogas production (Figure 7-7), and a 
decrease in VFA production (Figure 7-5) in all the reactors. However, from day 65 – 85, the 
CODT in the Pair 1 reactors increased substantially, due to the observed accumulation of 
volatile solids (Figure 7-1) which probably resulted from inhibition of the hydrolytic bacteria 
caused by unfavourable pH in the reactors (pH < 5) (Figure 7-4). These changes may be 
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responsible for the continual decrease in the SMP observed in the Pair 1 reactors over time 
(Figure 7-7), until they failed almost completely.  
7.3 Volatile fatty acid profile 
Figure 7-5 shows the concentration of volatile fatty acids (VFA) in the individual Pair 1, Pair 
2 and Pair 3 reactors from day 1 – 85.  As discussed in Session 2.7.9, VFA which are the main 
precursors of methanogenesis can cause inhibition to the acetoclastic and hydrogenotrophic 
methanogens, as well as acetogenic microbes at pH below 7 (Schön, 2010).  In the current 
study, the VFA content of the inoculum was high (Table 7-1), which possibly led to high 
VFA concentrations during start-up (Figure 7-5).  The main VFAs detected in the reactors in 
decreasing order of abundance were acetate, propionate, butyrate, valerate, isovalerate, 
isobutyrate, and formate. However, the concentration of these VFA decreased gradually in all 
reactors over the first 50 days.  This period was when all the reactors maintained stable 
operation.  However, due to slight fluctuations in pH, some traces of VFA were detected in 
the reactors on day 58, but these were present at concentrations which were below the typical 
inhibition range (Table 7-2), and they disappeared over time. 
7.3.1 Volatile fatty acid (VFA) profile for Pair 1 Reactors 
Figure 7-5 and Table 7-2 provide insight into variations in the concentration of VFA in the 
individual reactors over time. In the Pair 1 reactors (R1 and R2), the VFA started to 
accumulate from day 58, due to no additions of ash-extract supplements, and that caused an 
initial decrease in biogas production around day 60 (Figure 7-7).  From day 76 – 85, these 
reactors showed clear signs of instability due to increasing acidification, and pH value 
decreasing below 6 (Figure 7-4).  During this period, the concentration of acetate in reactor 
R1 increased from 2,262.2 – 5,934.4 mg. L-1, while the propionate also increased from 920.9 - 
1,897.0 mg L-1. The concentration of butyrate and isobutyrate also increased from 410.9 – 
677.3 mg. L-1 and 54.1 – 109 mg. L-1, respectively. Similarly, the concentrations of valerate 
and isovalerate ranged from 47.0 – 194.3 mg. L-1 and 55.0 – 123.0 mg. L-1, respectively.   
Prior to the process failure in the Pair 1 reactors, (day 65 - 75), acetate content in reactor R2 
increased from 228.2 – 5,503.6 mg. L-1, while the propionate also increased from 168.2 – 
1,847.6 mg. L-1. The concentration of butyrate and isobutyrate also increased from 408.4 – 
761.9 mg. L-1 and 66.1 – 101.9 mg. L-1 respectively. Similarly, the concentrations of valerate 
and isovalerate during this time ranged from 62.6 – 289.8 mg. L-1 and 63.2 – 113.4 mg. L-1 
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respectively. The above results indicate that the individual reactors in Pair 1 had very close 
agreement in VFA accumulation, and all the VFA accumulation measured from day 65 – 85 
in the Pair 1 reactors, corresponded with a progressive decrease in the digesters pH (Figure 
7-4) and reduction in biogas and methane production (Figure 7-7 and Figure 7-8).  According 
to Schön (2010), AD processes fail at low pH values due to the disruption of homeostasis 





Figure 7-5  Concentration of volatile fatty acids (VFA) in the individual reactors in Pair 1 (R1 
and R2), Pair 2 (R3 and R4) and Pair 3 (R5 and R6) reactors with time.  The initial VFA or 
Pair 1 reactors was similar to Pair 2 & 3. Values in the graph represent mean values of the 




Apart from the high concentration of VFA recorded during start-up, and day 75 when pH 
dropped briefly below 7 (Figure 7-4), a favourable pH was observed in the Pair 2 and Pair 3 
reactors despite ammonia/ammonium–N washout. The most dominant VFAs detected in the 
Pair 2 and Pair 3 reactors from day 76 - 85 were acetate and propionate.  These VFAs were 
mostly present at concentrations either slightly above or slightly below the inhibition 
threshold (< 200 mg.L-1) (Andreoli et al., 2007; Gerardi, 2006). For instance, in the Pair 2 
reactors, the concentration of acetate and propionate in R3 ranged from 79.7 – 267. 5 mg. L-1 
and 98.8 – 110.1 mg. L-1 respectively, whereas in R4 acetate and propionate ranged from 36.6 
– 60.3 mg L-1 and 0 – 126 mg. L-1, respectively. For the Pair 3 reactors, from day 76 – 85, the 
concentration of acetate in R5 and R6 varied from 42.4 - 61.3 mg. L-1 and 0 – 26.2 mg. L-1.  
Within this same period, the concentration of propionate in the same reactors (R5 and R6) 
were 35 – 103.9 mg. L-1 and 0 – 70.2 mg. L-1 respectively. At these levels of VFA, the Pair 2 
and Pair 3 reactors remained stable throughout the experiment, due to the addition of ECP and 
EPB ash-extract supplements respectively, unlike the Pair 1 which failed because of pH and 
VFA concentration resulting from the absence of ash-extract supplementation.   
The major difference observed between the types of VFA present in the Pair 1 (failed 
reactors) and the Pair 2 and 3 (stable) reactors were that the failed reactors had high 
concentrations of butyrate, isobutyrate, valerate and isovalerate (Figure 7-5), but these were 
not detected in the stable Pair 2 and Pair 3 reactors.  Thus, these findings suggest that the 
presence of butyrate, isobutyrate, valerate and isovalerate were strong indicators of AD 
process failure. This observation agrees with the work of Mechichi and Sayadi (2005) and 
Andreoli (2007), who reported that increases in the concentration of long-chain VFA such as 
butyrate, isobutyrate, valerate and short-chain VFA such as propionate were indicators of AD 
process imbalance or instability. However, the addition of  EPB ash-extract to Pair 1 reactors 
from day 78 – 85 started to have positive effects on the pH (Figure 7-4), and the reactor 
performance (Figure 7-7), and with time might eventually have led to a full recovery, despite 
the VFA still being very high when the reactor run was terminated (Table 7-2).  From these 
results, it is evident that the addition of ash-extracts to the AD reactors helped to maintain a 
favourable pH range between 6.8 – 7.2 inside the reactors, which enabled Pair 2 and Pair 3 to 
maintain their stability and to produce a steady volume of methane from day 65 – 85 (Figure 
7-8). Similarly, the introduction of ash-extracts to the failed reactors (Pair 1) from day 78 – 85 
started to improve their pH from 4.7 to 6.5, probably because the ash provided alkalinity and 




7.3.2 Total volatile fatty acid (TVFA) from IC analysis 
Total volatile fatty acid (TVFA) concentrations in the AD reactors were determined using 
both ion chromatographic methods (IC) and titrimetric methods as described in Section 3.8.1. 
Table 7-2 shows the results obtained from TVFA analysis using IC. The variation in TVFA 
concentration in the individual reactors generally followed the same trend. For instance, all 
the reactors had high concentration during start-up (day 0) due to the presence in the 
inoculum, as discussed above.  However, from day 7 onwards, the TVFA concentration 
decreased until day 29, from which point it stabilized at levels below detection limits in most 
of the reactors.  
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Table 7-2   Total volatile fatty acid (TVFA) concentration in reactors R1 to R6.  
 
From day 65 – 85, no supplement was added to the Pair 1 reactors.  However, Pair 2 and Pair 
3 were supplemented with ash extracts from the empty cocoa pod (ECP) and empty palm 
bunch (EPB) respectively. The information from Table 7-2, clearly shows that the TVFA 
concentration in the Pair 1 reactors was different from Pair 2 & 3 reactors and that is 
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presumed to be a result of having no additions of ash-extracts.  Previous studies have shown 
that concentration of total TVFA in AD reactors operating normally should be below 200 
mg.L-1 (Andreoli, 2007).  The high TVFA found in Pair 1 suggests that its failure was mainly 
due to acidification of the digester caused by the accumulation of volatile fatty acids. 
 
7.3.3 Stability checks for AD reactors 
7.3.3.1 Propionate to acetate ratio (P: A) 
Table 7-3 shows the propionate-to-acetate (P: A) ratio in Pair 1, Pair 2 and Pair 3 reactors. 
According to Hill et al. (1987), acetic acid levels greater than 800 mg.L-1, and propionate-to-
acetate (P:A) ratios greater than 1:1.4 indicate an impending failure during the anaerobic 
digestion of cow manure. In the current study, the P:A ratio recorded in the reactors during 
start-up period (day 0 – 7) in reactors, R1, 2. 3. 4,5 and 6 were 1:2.1, 1:2.9, 1:2.6, 1:3.2, 1:2.9 
and <1:0.005, respectively.  These ratios decreased further between day 8 – 57, during which 












Table 7-3  Propionate-to-acetate (P:A) ratio in Pair 1, 2 and 3 reactors (day 1 – 85)  
 
However, due to no alkaline supplementation in Pair 1 reactors, from day 58 – 85, their P:A 
ratios increased continuously (Table 7-3) due to the accumulation of VFA, which led to a fall 
in alkalinity and corresponding pH drop to below the preferred range. Thus, the evidence 
from this study suggests that the Pair 1 reactors suffered inhibition which led to their 
complete failure, when P:A ratio was between 1:2.1 – 1:3.2, and an acetic acid concentration 
between 2,262 – 8,917 mg.L-1 in the digester. This contrasts with the findings reported by Hill 
et al. (1987) which suggested that acetic acid concentration of 800 mg.L-1, or propionate to 
acetate ratio above 1: 1.4 is a sign of impending process failure.  
The P:A ratios of reactor R4 in Pair 2 was also increased due to due to the temperature 
controller failure (Table 7-3), which also resulted to substantial decrease its specific methane 
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production (SMP) (Figure 7-7).  However, the reactor did not fail due to supplementation with 
EPB ash-extract. In contrast, with the exception of the start-up period, the P:A ratio in reactor 
R3 (Pair 2) and the P:A ratio Pair 3 reactors were below the value published by (Hill et al., 
1987) except for few occasional values corresponding to periods of pH drop. However, 
increase in the P:A in those times (Table 7-3) were restored immediately by the addition of 
EPB ash-extract which suggests that the ash-extract shifts the equilibrium from the protonated 
acid to the less toxic ionized form (propionate anion). This evidence suggests that ash-extracts 
effectively create a good environment for the utilization of acetate and propionate, as found in 
Pair 2 and Pair 3 reactors. Conversely, the Pair 1 reactors experienced lack of alkalinity 
supplements which led to the accumulation of propionate. Comparing the performance of Pair 
1 (unsupplemented) and Pair 2 and 3 (supplemented) CSTR,  it is likely that the accumulation 
of propionate in Pair (R1 and R2) and R4 in Pair 2 AD reactors (Table 7-2 and Table 7-3) 
imposed changes in the thermodynamics of substrate utilization for the microbial community, 
making methane production unfavourable.  These changes in substrate (intermediate) 
concentrations could lead to the inhibition of the methanogenic archaea which are the terminal 
electron acceptors, resulting in the accumulation of hydrogen and a rise in the free energy 
(∆G) threshold for substrate utilization (Penning & Conrad, 2006). Therefore, with these 
assumptions, from the results obtained in the current study, it can be stated that propionate 
and acetate concentrations are good indicators of process instability during the AD process. 
7.3.3.2 Alkalinity, TVFA and FOS:TAC ratio determined by the titrimetric 
method 
Figure 7-6 shows the variation of total volatile fatty acid (TVFA), alkalinity and FOS:TAC 
ratio (all measured by simple titration; Section 3.6.1) in the Pair 1, Pair 2 and Pair 3 AD 
reactors over time.  In a study which used alkali ratios to identify imbalances in anaerobic 
digesters, Martín-González et al. (2013) reported that the digester was able to achieve stable 
performance when a TVFA between 2,500 and 3,500 mg.L-1 was maintained in the reactor 
with total alkalinity (TA) ranging between 13,000 and 15,000 mg.L-1 CaCO3.  However, in 
the current study, the alkalinity in the reactors decreasing in line with pH over time until they 
became relatively stable on day 36 (Figure 7-6).  The alkalinity recorded around this period in 
Pair 1, Pair 2 and Pair 3 reactors was 5,130; 5775 and 5,385 mg. L-1 CaCO3, respectively.  
However, a drop in the alkalinity was noticed in all reactors between day 43 – 50, which 
caused the pH to drop.  This was rectified by the addition of ash-extract supplements to Pair 2 
and Pair 3 reactors over this period (Figure 7-3 shows the effects of the addition of ash-
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extract).  However, from day 68, the alkalinity in Pair 1 reactors reduced to < 3000 mg. L-1 
CaCO3, while the alkalinity of Pair 2 and Pair 3 reactors, which were supplemented with 
biomass ash-extracts ranged between 4000 - 5000 mg. L-1 CaCO3.  According to Andreoli 
(2007), a normal working AD reactor has alkalinity between 4000 – 5000 mg.L-1 CaCO3 and 
that confirms why Pair 2 and Pair 3 reactors which maintained that range of alkalinity was 
more stable and efficient than Pair 1 reactors (Figure 7-6 and Figure 7-7).   
 
Figure 7-6  Total volatile fatty acid (TVFA), alkalinity and FOS:TAC ratio in the Pair 1, Pair 
2 and Pair 3 AD reactors over time. 
The TVFA concentration recorded from day 0 – day 30 in the AD reactors decreased from 
2,675 - 537.6 mg HAc.L-1 (Pair 1), 2,762 - 504.4 mg HAc.L-1 (Pair 2) and 2,396.8 – 537.6 mg 
161 
 
HAc.L-1.  However, despite the high TVFA concentration in the reactors compared to the 
maximum of 200 mg HAc.L-1 reported for stable AD processes (Andreoli, 2007), there was 
no inhibition in the digesters due to sufficient alkalinity being present.   This was evident 
from the FOS:TAC ratio of < 0.2 being recorded in all the reactors within this period; 
confirming the reactors were not overloaded.  The TVFA concentration became stable from 
day 30 - 58, with similar concentrations of 420 ± 16 mg HAc.L-1, 430 ± 24 mg HAc. L-1 and 
430 ± 20 mg HAc. L-1 in Pair 1, Pair 2 and Pair 3, respectively.  However, around the time of 
a sudden pH drop < 7 (day 64), the TVFA increased to 936, 703.6 and 604 mg HAc.L-1, 
respectively.  However, the addition of biomass ash-extracts to Pair 2 and Pair 3 reactors 
provided alkalinity which brought about a reduction in the VFA and maintained the reactors 
in stable condition throughout the remainder of the study.  In contrast, when no supplements 
were added, after day 58, Pair 1 reactors continued to accumulate TVFA which ranged from 
1,666.4 – 9,800 mg HAc.L-1 and explains why biogas production ceased almost completely 
due to reactor failure.   
Figure 7-6 also presents the FOS:TAC ratio inside the reactors, which is an important 
indicator of the condition of AD reactors. Due to the addition of the ash-extract supplements, 
the maximum FOS:TAC ratio recorded in Pair 2 and Pair 3 reactors during the study ranged 
from 0.1 – 0.2: 1, which indicates an efficient AD process (de Lemos Chernicharo, 2007; 
Khanal, 2011a; Lossie & Pütz, 2008). On the contrary, the FOS:TAC ratio recorded in the 
Pair 1 reactors between day 58 – 85 ranged from 0.2 – 1.4: 1, indicating failure, and parallels 
the decrease in methane production and the high VFA (Figure 7-5) recorded at this time. The 
FOS:TAC ratio > 0.8 in the Pair 1 reactors indicates that the TVFA exceeded the alkalinity 
from day 65 – 73, which was also evident from the drop in pH to values < 5 (Figure 7-4). 
Conversely, a FOS:TAC ratio < 0.3: 1 was recorded in Pair 2 and Pair 3 reactors over the 
same period suggesting that ash-extract supplementation provided a suitable environment in 
the reactors for the methanogenic archaea and was considered to be the main reason for the 
improved efficiency and stability of the supplemented reactors throughout the study.   
7.4 Methane production and composition 
7.4.1 Performance of the reactors during pseudo-steady-state conditions 
Anaerobic digestion process produces renewable biogas which can serve as an alternative 
source to fossil fuel (Khedim et al., 2018). Therefore, achieving a stable or steady-state 
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operation over a long period of time during the process could provide useful information 
about the sustainability, viability and cost-benefits, that might be useful for investors, 
economic analysts and policymakers. Thus, in the current study, a pseudo-steady-state 
condition was defined to be when the reactors had been operated in a stable condition over a 
period during which daily variations in the biogas volume and composition were typically < 
10% over the period.  In the current study, between day 0 – 24, the volume of methane 
produced in the reactors varied greatly, probably due to different rates of hydrolysis of the 
substrates inside the reactors, acclimatization and lag phase affecting bacterial and archaeal 
population composition, and the inclusion of the background methane production from the 
organic matter present in the inoculum into the biogas mix.  In contrast, from day 25 – 85, 




Figure 7-7  Specific methane production from individual reactors in the Pair 1, Pair 2 and Pair 
3 reactors over time. The arrow shows the point from which R4 suffered interruption due to 
temperature controller failure.  
On day 28, there was a large reduction in the daily methane production by Pair 2 reactors 
compared to Pair 1 and Pair 3 due to unplanned power interruptions suffered by one of the 
reactors in Pair 2 (i.e. reactor R4) which affected temperature control (Figure 7-8). Between 
day 30 – 64, during which time all the reactors attained a pseudo-steady state, the mean pH in 
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the Pair 1, Pair 2 and Pair 3 reactors were 6.87, 7.02 and 7.01, respectively.  During this 
period, the cumulative methane from Pair 1, Pair 2 and Pair 3 reactors during the steady-state 
period were 3,407; 3,099.6 and 3,416.9 N mL CH4 per reactor (Figure 7-8).   These results 
show that between day 20 – 64, during which time the reactors were operating at a pseudo-
steady-state, apart from Pair 2 reactors, all other reactors produced nearly equal volumes of 
dry methane gas at STP (Figure 7-8 ).   
 
Figure 7-8  Cumulative and specific methane production (SMP) from Pair 1, Pair 2 and Pair 3 
reactors over time 
During the pseudo-steady-state period, the specific methane production (SMP) for Pair 1, Pair 
2 and Pair 3 reactors were 284.0, 258.3 and 284.7 N mL CH4.g
-1VS added.d-1, respectively, 
and mean methane content (%) in the biogas for Pair 1, Pair 2 and Pair 3 reactors was 55.8%, 
55.7% and 56.4%, respectively.  This indicates that at the steady-state, all the reactors had 
similar methane composition in their biogas, with a difference between the mean SMP of Pair 
1 and Pair 3 reactors of just 0.3%, while the difference between the mean SMP of Pair 1 
reactors and Pair 2 was 9%.   This large difference between the SMP from Pair 1 and Pair 2 
reactors was due to a decrease in the volume of methane gas produced by the reactor R4 
caused by its faulty temperature controller from day 28 – 85 (Figure 7-7). These results were 
analyzed further by comparing the mean of the SMP from each pair of reactors to identify any 
correlations between the different pairs of reactors at the 5% level of significance. A paired 
sample t-test (2-tailed) was also used to determine the statistical significance of the effects of 
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ash extract additions on the methane productivity and biogas composition. A comparison 
between the mean volumetric production Pair 1 and Pair 2 reactors from day 65 – 85 showed 
a very weak correlation (R2 = 0.25), and the comparison between Pair 1 and 3 also showed a 
very weak correlation (R2 = 0.33). However, the same comparison between Pair 2 and Pair 3 
reactors, which were both supplemented with ash-extracts, showed a positive correlation (R2 
= 0.71).  A paired sample t-test at the 95% confidence interval also showed that the difference 
between the mean SMP over the period day 65 – 85 from Pair 1 and Pair 2 reactors, and 
between the Pair 1 and Pair 3 reactors was statistically significant (p < 0.05), whereas there 
was no statistically significant difference between the mean SMP in Pair 2 and Pair 3 reactors 
(p > 0.05).    
7.5 Conclusion 
To determine the effectiveness of ash-extracts in providing alkalinity and buffering for the 
maintenance of pH within the optimum range for AD processes. 
The data obtained from X-ray diffraction and elemental analysis showed that the EPB and 
ECP ash-extracts were very high in K2CO3, NaOH and KHCO3, and that they also contained 
trace metals, which suggests that they could serve as good sources of bicarbonate alkalinity 
and trace elements for the maintenance of reactor stability and optimization of the AD 
process.  
To determine whether EPB and ECP ash-extract supplements can maintain steady-state 
conditions in continuous AD reactors over extended operating periods  
Pair 1(non-supplemented reactors) started to fail from day 65 – 75 as a result of VFA 
accumulation, which led to a decrease in alkalinity, and fall in pH from 7 to 4.6, and a 
decrease in the mean SMP by 73%, compared to Pair 3 (supplemented with EPB ash-
extracts). Pair 2 (supplemented with ECP ash-extracts) gave approximately 60% higher 
methane production than Pair 1 reactors, but less than Pair 3 reactors due to an electrical fault. 
These findings indicate that the stability achieved in the Pair 2 and 3 reactors was due to 
supplementation with ash-extracts, and as a result of this investigation, there appears to be 
clear benefits to methane production following supplementation with ash-extracts.   
To determine whether ash-extract supplements can restore the activity of AD reactors that are 
exhibiting a declining or failing performance 
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Pair 1(non-supplemented reactors) which had failed completely by day 75 began to show 
initial signs of recovery after commencing supplementation with EPB ash-extract from day 75 
onwards. The short duration of the experiment did not provide sufficient time for full 
recovery; however, noticeable improvement was observed in terms of higher methane 


























Chapter 8 Final remarks and recommendations for further research 
work 
8.1 Final remarks  
Extensive research has already been carried out by many investigators on the anaerobic 
digestion (AD) of various biomass feedstocks but has focussed on the use of expensive 
chemical reagents for the AD process optimization.  Prior to the current study, no previous 
research has investigated the use of ash-extracts, produced from ash generated by the burning 
of agricultural wastes, an abundant and readily available material in developing countries, as 
an alternative low-cost trace nutrient substitute or alkaline supplement for AD process 
optimization.  Interestingly, the current study has demonstrated successfully that the high 
alkalinity content of the ash-extracts enables it to maintain favourable operating pH and 
provide stability to the AD process.  In addition to the high alkalinity, ash extracts contain 
beneficial levels of essential trace nutrients which were also considered to have played a 
supporting role in optimizing the process since failure of AD reactors with grass silage as a 
mono-feedstock is often linked to a deficiency of trace nutrients. Thus, the current study has 
made a major contribution to research on AD processes by demonstrating that value-added 
products in the form of nutrient-rich soluble extracts can be recovered from biomass ash and 
used to optimize AD processes.  This implies that the AD processes could be made more 
efficient and ultimately, they should become cheaper, making them more accessible to people 
from low-income countries and developing countries, helping them to solve their energy 
needs. The current study also offered some important insights into the possibilities of 
processing these ash-extracts further into solid crystals (salts). Further studies of more 
efficient ways of producing these salt-extract crystals could lead to its production in 
commercial quantities, opening the possibility for it to be sold in different parts of the world 
for the optimization of AD processes, generating income for low-income countries.  
8.2 Recommendations 
Although ash-extracts from empty palm fruit bunch, empty cocoa pods and plantain peels 
used in the current study have proven to have great potential for enhancing and optimizing 
AD processes, there are certain limitations to the work in the sense that it has only been 
applied to lignocellulosic biomass feedstocks. Therefore, further research should be carried 
out on other feedstocks such as food wastes, municipal sewage and other industrial wastes 
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with greater focus on the use of low-cost ash-extract supplementation as an effective low-cost 
substitute to expensive commercial chemical reagents. That work may reveal other practical 
benefits and lead to the wider application of ash-extracts and help to advance affordable AD 
technologies in developing countries.  To realise this potential, specific research should be 
conducted in the following areas: 
1. Compare the physical and chemical characteristics of ash from various types of 
biomass, especially their alkalinity or saponification value, and their trace nutrient 
contents, for the estimation of the actual quantities required to optimize any AD 
process. 
2. More research is also needed to determine standard concentrations for a range of 
different ash-extracts proposed for optimizing AD processes using batch assays and 
continuous reactors. 
3. The effects of supplementation with a range of different ash-extracts should be 
investigated on a broad range of anaerobic digestion feedstocks, including the 
digestion of food wastes, animal manures, industrial effluents, wastewater sludge, etc. 
4. As a result of several power cuts experienced in the current study, and their adverse 
effects on the process stability, more studies should investigate the effect of sudden 
temperature changes on the microbial community compositions with and without ash-
extracts as supplements.   
5. To investigate the potential of using a mixture of crude bacterial enzymes and ash-
extracts as process supplements to stimulate the anaerobic digestion of different 
lignocellulosic feedstocks, as an alternative to supplementation with pure enzymes 
already used in practice. 
6. To better understand the effects of the combination of ash-extracts and chemical 
reagents in the pretreatment of biomass feedstock to serve as potential ways of 
reducing the cost and quantity of commercial reagents used during pretreatment. 
7. To investigate the effects of ash-extracts on the growth rate of microbes and microbial 
diversity through cell enumeration, cell sorting and biomarkers using biophysical 
technologies such as flow cytometry.  
8. To establish the optimum ignition temperatures for preparing the ashes from the waste 
biomass material, in order to minimize the degradation or volatilization of essential 
trace nutrients at excessive temperatures. 
9. The current study found that the addition of raw biomass ash to batch assays could 
lead to inhibition of methane production at certain concentrations. Although this was 
169 
 
not reported in the main thesis, results supporting this conclusion are annexed (See 
Annex 2).  Therefore, further work is needed to better understand the inhibitory nature 
of these materials at certain concentrations. 
10. Future research also needs to examine the potential of exploiting bread mould 
(containing hydrolytic enzymes) and ash-extracts as low-cost materials for aerobic 
pretreatment of lignocellulosic feedstocks. Preliminary research has identified a 
potential synergistic effect between these materials. 
11. Further research should be conducted on the mass balance to determine the fate of the 
trace nutrients from the ash-extract supplements, trace nutrients in the feedstock and 
the trace nutrients in the seed sludge, before and after anaerobic digestion, to establish 
the fate of the trace nutrients, and their partitioning and adsorption by the microbial 
biomass. This can be studied together with recommendation 1. 
12. With respect to COD analysis, organic phase analysis methods are available, for 
example by differential filtration and settlement.  This is recommended for work 
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Chapter 9 Annex A 
Biochemical potential of selected biomass feedstocks and the effect of biomass ash-
extract supplementation on the methane yield 
 
Objectives of the batch experiments 
• To determine the biochemical methane potential (BMP) of Gamba grass, crystalline 
cellulose, Guinea grass, cassava waste, plantain peels and elephant grass as mono-
substrates  
• To determine biomethane production from mixtures of different types of biomass 
feedstocks with supplementation  
• Investigate of the effects of using biomass-derived ash and ash-extract 
supplementation on methane yield from rice straw 
 
9.1 Materials and methods 
The sources, methods collection, drying and grinding of each of the biomass feedstocks are 
presented in Section 3.1.  The chemical composition and characteristics of the materials are 
also presented in Section 3.2.1. The procedures used for the determination of the 
physiochemical characteristics of the biomass feedstocks are described in Section 3.4. The 
inoculum was made up of a mixture of 80% rumen fluid and 20% inoculum collected from an 
abattoir and an active commercial mesophilic AD plant, respectively, all located in Newcastle 
upon Tyne, United Kingdom. This inoculum was incubated at a temperature of 37 °C for 7 
days prior to its use for the batch experiment. The experiment was setup in Duran bottles each 
with a working volume of 400 mL and a headspace volume of 200 mL. Table 9-1 shows a 





Table 9-1  Physiochemical characteristics of the biomass feedstocks used for BMP tests 
 
The inoculum was made up of a mixture of rumen fluid and cattle slurry. The 
inoculum-to-substrate ratio used for the current study was 3:1 (on a VS basis). Details 
of the experimental methods are presented in Section 3.4. Physiochemical 
characteristics of the inoculum are presented in Table 9-2. 
 










Guinea grass 8% 92% 90% 10% 
Rice 7% 93% 82% 18% 
Cassava 10% 90% 93% 7% 
Rye 10% 90% 94% 6% 
Gamba 9% 91% 95% 5% 
Plantain peels 11% 89% 89% 11% 
Gamba + Guinea (1:1) 8% 92% 93% 7% 
Elephant + Guinea (1:1)) 13% 87% 84% 16% 
Rice + Yam Beans (1:1) 10% 90% 84% 16% 
Rice + Cassava (1:1) 8% 92% 86% 14% 
Rice + Plantain peels (1:1) 8% 92% 84% 16% 
Elephant grass 8% 92% 91% 9% 
 
Inoculum characteristics Abbreviation/units Concentration 
Moisture content MC (%) in TS 96% 
Total solids content %TS in weight 4% 
Volatile solids content %VS in TS 60% 
Ash content  Ash content in VS 40% 
Total Kjeldahl nitrogen TKN (mg. L-1) 1,523.0 
Ammonium nitrogen  NH4-N (mg. L
-1) 1,133.0 




Each batch condition was carried out in triplicate in accordance with the German Standard 
Protocol (VDI. 4630, 2006). The procedure for monitoring, biogas collection and 
measurement by GC of the methane content in the biogas are detailed Section 3.4.2. 
 
9.2 Statistical analysis 
The results obtained from the batch study were analysed using Microsoft Excel and SPSS data 
analysis software. The curved fitting tools of MATLAB R2016a were also used to fit the 
experimental data onto the Gompertz model to check the goodness of the fit in order to 





          
     where, P is the cumulative specific methane production (N mL.g-1VS added); A is the 
methane production potential (mL); U is the maximum methane production rate (mL.g-1VS.d-
1); λ is the duration of the lag phase (d-1) and t is the cumulative time for methane production 
(d-1). The t-test statistical analysis was also carried out to compare the means of triplicates 
with the mean of the control to see if any significant difference. Further details on the analysis 
carried out are presented in Section 3.7. 
 
9.3 Results 
9.3.1 Biochemical methane potential (BMP) of Gamba grass, crystalline cellulose, 
Guinea grass, cassava waste, plantain peels and elephant grass 
The cumulative volumes and daily volumes of methane produced from gamba grass, guinea 
grass, elephant grass, crystalline cellulose, cassava waste and plantain peels are presented in 
Figure 9-1 and Figure 9-2, respectively. From the results, the BMP of B (Gamba grass), C 
(Crystalline cellulose), D(Guinea grass), F (Cassava wastes), H (Plantain peels) and  M 






Figure 9-1  Cumulative methane production of biomass feedstocks together with methane 
from blank, where A is the blank, B is Gamba grass, C is crystalline cellulose, D is Guinea 
grass, F is cassava waste, H is plantain peels and M is elephant grass. 
 
Figure 9-2  Daily methane production of the biomass feedstocks together with blank methane. 




From Figure 9-2, crystalline cellulose and cassava waste achieved the highest maximum 
methane production rate with U (max) values of 132.6 and 119.2 N mLCH4.d
-1, respectively. 
Other biomass feedstocks, namely: Gamba grass, Guinea grass, Plantain peels, and Elephant 
grass were 82.1, 88.9, 110 and 88.9 N mLCH4.d
-1, respectively.  From these results, it is 
evident that the crystalline cellulose, the cassava waste and the plantain peels had the 
maximum methane production rate. Further details on the yields from each of the biomass 
feedstocks, their hydrolysis constants, experimental BMP determined using batch assays and 
theoretical BMP estimated using the Gompertz model are presented in Table 9-3. For 
Elephant (Napier) grass, the BMP value obtained in the current study agrees with the result 
obtained in a BMP study carried out by Chynoweth (1993) with ensiled Napier grass in which 
they achieved an ultimate methane yield of 0.310 ± 0.011 mL CH4.g
-1VS added.  In another 
study, Zhang, Tang, et al. (2011) pretreated cassava residues by thermal-dilute sulfuric acid 
hydrolysis using a statistically designed set of experiments and reported achieving an 
optimum methane yield of 248 mL CH4.g
-1VS added. In another study, Jekayinfa and Scholz 
(2013) found that the methane production from cassava tuber and cassava peels was 310 and 
280 mL CH4.g
-1VS added, respectively. However, in the current study, the results obtained 
(Table 9-3) shows that the BMP of Cassava waste was 248.8 CH4.g
-1VS added which agrees 
with the result obtained by Zhang, Tang, et al. (2011), but contrast that of Jekayinfa and 
Scholz (2013), which was far higher. 
Similarly, in another AD experiment to determine the methane yield of cellulose using 
manometer, water column, gas bag and an automatic experimental setup, Wang et al. (2014) 
found that the methane yields were 340±18, 354±13, 345±15 and 366±5 mL CH4.g
-1VS 
added, respectively. However, in the current study, the methane yield from the Crystalline 
cellulose was 341.9 CH4.g
-1VS added which is very comparable to previous studies.  
In a related BMP assay with Rice straw as feedstock but operated under thermophilic 
temperature (55 °C) using a constructed microbial consortium as inoculum, Zhang, He, et al. 
(2011) reported a maximum methane yield of 259.46 mL CH4.g
-1VS added. Similarly, 
Mustafa et al. (2017) reported that after milling and fungal treatment, the highest methane 
yield achieved from Rice straw was of 258 mL CH4.g
-1VS added. Despite the pretreatment 
carried out in that study, the BMP value they achieved for rice straw was slightly lower than 
the BMP value of 266.1 N mLCH4.g





9.3.2 Determination of biomethane production from mixtures of different types of 
biomass feedstocks with EPB ash-extract supplementation 
The cumulative biomethane yields and the specific daily biomethane production from the 
batch tests comprising different mixtures of biomass with EPB ash extract supplementation 
are presented in Figure 9-3 and Figure 9-4, respectively. From the data, the BMP of the 
biomass feedstocks G(Perennial Ryegrass, Clover and Timothy grass), I(Gamba and Guinea), 
J(Rice + Yam Beans), K(Rice straw + Cassava waste) and L(Rice + Plantain peels) were 
399.4, 268.8, 410.5 and 474, 539.9 N mL CH4.g
-1 VS added.  The maximum methane 




Figure 9-3  Cumulative methane production of biomass feedstocks with EBP supplementation 
where A is blank (inoculum), G (mixture of perennial ryegrass, clover and timothy grass), 
I(mixture of Gamba and Guinea grass), J(mixture of rice straw and empty yam bean pod), 





Figure 9-4  Daily methane production from biomass feedstocks G, I, J, K and L as defined in 
the legends where A is the inoculum 
In a study involving the co-digestion of Elephant grasses, otherwise known as Napier grass 
(Pennisetum Pururem Schum) and chicken manure in CSTR, Wilawan et al. (2014) reported 
that they achieved a specific methane production (SMP) of 270 ± 10 mL CH4.g
-1VS 1 added 
under steady-state operation. Similarly, during the anaerobic co-digestion of cyanide-
containing cassava pulp with pig manure in laboratory scale single stage semi-continuously 
stirred reactor operating at ambient temperature, Glanpracha and Annachhatre (2016) reported 
an average VS removal and methane yield of 82% and 380 mL CH4.g
-1VS.d-1 added, 
respectively. Although the current study neither involved pig manure or chicken manure, 
however, the results obtained during the co-digestion experiment showed evidence of 
improved methane recovery from the biomass feedstocks, and also higher ultimate methane 
production rate (Ux), compared to mono-fermentation (Table 9-3).  
 
9.3.3 Determination of the effects of using biomass-derived ash and ash-extract 
supplementation on methane yield from rice straw  
The cumulative volumes of methane produced due to the addition of biomass ash-extract 





Figure 9-5  Cumulative methane production of biomass feedstocks with inoculum A. E(rice 
straw + A), N (rice straw with 0.05 mL EPB ash-extract supplement + A), O(rice straw 
supplemented with 1.0 mL EPB ash-extract supplement + A), P(rice straw supplemented with 
2 mL EPB ash-extract + A), Q(rice straw supplemented with 0.05g EPB ash + A), T(rice 
straw + 0.15g EPB ash + A), and U(rice straw + 0.25g EPB ash + A).   
 
Figure 9-6  Daily methane production from biomass feedstocks where A is the blank 
(inoculum).  The names of the biomass feedstocks E, N, O, P, Q, T and U are as defined in the 
legends and in Figure 9-5. 
In the current study, the BMP values from rice straw, rice straw + 0.5 mL, 1.0 mL, 2.0 mL 
EPB ash extract were 266.1, 328.4, 296.2, 293.0 N mLCH4.g
-1VS added. These results 
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showed a remarkable improvement in biomethane recovery from rice straw compared with 
results from previous study using rice straw as feedstock, indicating that the addition of ash-
extract supplement from palm bunch ash improved the value of BMP from each biomass.  For 
instance, in a recent study to investigate the effect of trace elements dosing and alkaline 
pretreatment during the anaerobic digestion of rice straw using granular sludge as inoculum, 
(Mancini et al., 2018) reported that the SMP from rice straw was 259 ± 5 mL CH4.g
-1VS 
added. The same author also reported that rice straw produced SMP value of 262 ± 26 mL 
CH4.g
-1VS when buffalo manure was used as inoculum. However, with alkaline pretreatment 
using NaOH followed by supplementation with 9 µg. g-1 TS straw of cobalt and nickel had 
SMP of 329 ± 11 and 330 ± 12 mL CH4.g
-1VS, respectively. 
Although no previous study has shown the potential use of ash-extract supplementation as a 
source of trace nutrients to AD process, however, compositional analysis of these ash-extracts 
has shown that they are very rich in soluble essential trace nutrients (Table 3-4 in Section 
3.2.1).  Thus, the improvement in methane production achieved in the current study could be 
due to factors identified by Cai et al. (2017) on effects of trace elements supplementation 
during mono-digestion of rice straw on the microbial communities.  During their study, it was 
reported that supplementation of the AD reactors with Fe, Mo, Se and Mn led to the 
production of the maximum methane yields of 289.2, 289.6, 285.3, 293.0 mL CH4.g
-1VS, 
respectively from rice straw. Interestingly, the maximum volumes of methane produced in 
their study are comparable to the values of EPB ash extract were 266.1, 328.4, 296.2, 293.0 N 
mL CH4.g
-1VS added which was achieved using extracts from EPB as supplements (Table 
9-3).  Furthermore, from the results obtained from this study, the addition of 0.05, 0.15 and 
0.25g of raw ash from empty palm bunch (EPB) to rice straw (Q, T and U) produced 312.5, 
296.9 and 273 N mLCH4.g
-1VS added, respectively. Thus, increasing the concentration of raw 
ash from EPB added to the batch experiment resulted to decrease in the amount of methane 
gas recovered from the rice straw. 
For all the biomass feedstock tested during the batch experiments, the Buswell equation 
(Equation 9-1) was able to accurately predict a theoretical methane potential for each of the 





Table 9-3 Summary of the results from experimental, Buswell equation and Gompertz models for the determination of the biochemical methane 
potential of selected biomass feedstocks 
 
k-value = hydrolysis constant (d-1); Umax = maximum methane production rate (N mLCH4.d-1); BMP = biochemical methane potential (N mLCH4. g-
1VS added); BMPTheo = theoretical biochemical methane potential estimated using the Buswell equation; BMPgross = biochemical methane potential 
of feedstock and blank (rumen fluid + sludge); RMSE = Root Means Squared error values and a smaller RMSE shows that the predicted and observed 




To determine the biochemical methane potential (BMP) of Gamba grass, crystalline cellulose, 
Guinea grass, cassava waste, plantain peels and elephant grass as mono-substrates  
The BMP of Gamba grass, crystalline cellulose, Guinea grass, cassava wastes, plantain peels 
and elephant grass were determined in the current study.  The study has shown that substantial 
amount of methane can be recovered from these feedstocks and that indicates that these 
agricultural biomass feedstocks could serve as feedstock for sustainable bioenergy generation, 
especially in developing countries where they are in abundant supplies. 
To determine biomethane production from mixtures of different types of biomass feedstocks 
with supplementation  
Supplementation of batch experiments with appropriate quantities biomass ash or ash-extracts 
can enhance methane yield from grass biomass or agricultural residues. This suggest that ash 
extract supplements contain essential nutrients which favour the activities of the methanogens 
and other microbes which are involved in the AD process. 
Investigate of the effects of using biomass-derived ash and ash-extract supplementation on 
methane yield from rice straw  
Thus, it important to determine and use an appropriate amount of supplement that would 
augment nutrient deficiency and alkalinity in the AD process as such would reduce inhibition 
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Appendix 1 Saturation vapour pressure (mb) of air at different temperatures  
 
